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Sub-Saharan West Africa lacks of natural resources, especially for energy 
production. By-products of agro-industry as cashew nut shells (CNS), jatropha (Jc) 
and shea (Sc) press cakes were identified as available resources for energetic 
valorisation. These biomasses are characterised by high extractive contents (cashew 
nut shell liquid/CNSL or triglycerides) which are the reason for toxic fumes during 
combustion. The thesis investigated the feasibility of flash pyrolysis as alternative 
process for these resources, more specifically the impact of the extractives on yields, 
the composition and the stability of flash pyrolysis oils. The feedstock were derived 
into samples covering the whole range of extractive contents (from de-oiled press 
cakes, ~0 wt%; to pure extractives, 100 wt%) which were characterised and 
pyrolysed in two laboratory devices (TGA and tubular furnace), then by applying flash 
pyrolysis conditions in a fluidised bed reactor. No significant interaction in-between 
the solid matrix and the extractives during pyrolysis were observed but different 
products were identified. CNSL volatises between 250 and 320°C, several phenolic 
compounds and typical compounds of crude CNSL were found to be present in the 
pyrolysis oil. In contrast, triglycerides are entirely decomposed at 380 to 420°C to 
give linear hydro-carbon chains. Some interaction products of the triglycerides with 
proteins were identified. Additionally, the experiments with the pilot plant have shown 
operational difficulties in the fluidised bed, which are linked to specific properties of 
the press cakes. Thus, further optimisations of process conditions are suggested. To 
overcome the observed phase separation of the pyrolysis oils mixtures with other 
biofuels were studied. The obtained emulsions are more homogeneous but the 
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L’Afrique de l'Ouest manque de ressources naturelles pour la production d'énergie. 
Les sous-produits agro-industriels comme les coques d’anacarde (CNS), les 
tourteaux de jatropha et de karité ont été identifiés comme des ressources 
disponibles et facilement mobilisables à des fins énergétiques. Ces biomasses se 
caractérisent par de fortes teneurs en extractibles (baume de cajou=CNSL ou 
triglycérides), sources de fumées toxiques en combustion. La thèse visait à évaluer 
la pertinence de la pyrolyse rapide comme procédé alternatif pour ces ressources, et 
plus particulièrement à établir l'impact des extractibles sur les rendements, la 
composition et la stabilité des bio-huiles. Les biomasses ont été dérivées en 
échantillons couvrant la gamme entière des teneurs en extractibles (tourteau 
déshuilé ~0% ; extractible purs 100%), lesquels ont été caractérisés et pyrolysés 
dans 2 dispositifs laboratoires (ATG et four tubulaire), puis en conditions réelles sur 
un pilote de pyrolyse rapide à lit fluidisé. On ne constate pas d'interaction significative 
entre la matrice solide et les extractibles lors de leur décomposition, mais des 
produits différents ont été identifiés. Le CNSL se volatilise entre 250 et 320°C ; 
plusieurs composés phénoliques ou typiques du CNSL brut se retrouvent dans l'huile 
de pyrolyse. En revanche, les triglycérides se décomposent entièrement entre 380 et 
420°C en chaînes d’hydrocarbures linéaires. Quelques produits d'interaction avec les 
triglycérides et les protéines ont été identifiés. Par ailleurs, les essais sur pilote ont 
mis en évidence des difficultés opérationnelles dans le lit fluidisé liées aux 
spécificités des tourteaux, suggérant une optimisation des conditions opératoires. 
Pour pallier la séparation de phases constatée sur les bio-huiles, des formulations 
avec d'autres biocarburants ont été testées. Les émulsions obtenues sont plus 
homogènes, mais leur stabilité physique est encore insuffisante malgré l'ajout 
d'agents surfactants.  
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Mon encadrant, Dr François BROUST, au Cirad, m’a surtout dirigé à distance également. 
François, je te remercie pour ta grande disponibilité tout au long de ma thèse. Les phases de 
rédaction étaient vraiment dures pour moi et c’est surtout grâce à ton aide qu’on a pu 
rendre une bonne publication. Merci.  
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Symbol Unit Explanation 
a  Slope in a linear equation 
A m2 Cross section of a reactor 
Acomp mm2 Absolute area of a peak in a chromatogram 
AIS mm2 Absolute area of the peak of the internal standard 
ADF  Acid detergent fibre 
ADL  Acid detergent lignin 
AP m2 Surface of a particle 
Ar  Archimedes number 
ArS  Archimedes number of a sphere with particle equivalent 
surface 
ASph m2 Surface of a sphere 
ArV  Archimedes number of a sphere with particle equivalent 
volume 
%ash wt% Ash content in a sample (proximate analysis) 
%ashextractive free wt% Ash content of a sample on extractive free basis 
AN mg/g Acid number 
b  Axis intercept in linear equation 
B m2 Permeability of a fixed bed 
BM  Biomass (sample) 
c g/mol Molar concentration 
%C wt% Carbon content in a sample (ultimate analysis) 
cGC/MS(Z) g/l Mass concentration per unit volume of a compound Z in a 
liquid sample given by GC/MS 
CNS  Cashew nut shell 
CNSc   Cashew nut shell cake 
CNSL  Cashew nut shell liquid 
dP,S m Diameter of a sphere with equivalent surface of a particle 
DSph m Diameter of a sphere [m] 
dP,V m Diameter of a sphere with equivalent volume of a particle 
db  Dry basis 
Disp.  Dispersogen 
dTG mg/min Derivation of TG signal 
dTGi,a mg/min Avg. dTG signal of 2 time equivalent points of diff. dTG 
profiles 
dTGi,extractive mg/min dTG signal at interval i of an extractice sample 
dTGi,extr. cake mg/min dTG signal at interval i of an extracted cake sample 
E MJ/kg Energy 
FC  Fixed carbon 
%FC wt% Fixed carbon content of a sample (proximate analysis) 
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%FCextractive free wt% Fixed carbon content of a sample on extractive free basis 
FP  Flash pyrolysis 
g m/s2 Gravitational acceleration (= 9.81 m/s2) 
GC/MS  Gas chromatography/Mass spectroscopy 
H mm Height of water column in a U-tube 
%H wt% Hydrogen content in a sample (ultimate analysis) 
%H2O wt% Moisture content in a sample (proximate analysis) 
hfb m Height of a fluidised bed 
hfix m Height of a fixed bed 
HHV MJ/kg Higher heating value 
HHVex  MJ/kg Experimentally determined higher heating value 
HHVf MJ/kg Calculated higher heating value based on formula 
hmf m Height of a bed at minimum fluidisation 
i  Placeholder for an interval of time 
Jc  Jatropha cake 
k Pa*sλ Consistency index in rheological laws 
k1,2  Empirical constants 
kK  Kozeny constant 
m g Mass 
mBM g Mass of biomass samples 
mchar g Absolute mass of char (residue) 
mdil. g Solvent diluted pyrolysis oil sample 
mg kg Mass of gas in fixed bed 
mgas kg Mass of gas produced during pyrolysis experiment 
mH2O g Absolute water mass in a liquid sample 
mlight g Absolute mass of light pyrolysis oil fractions (flash 
pyrolysis) 
mP kg Mass of the solid particles 
mp-oil g Absolute mass of a pyrolysis oil sample 
msample g Absolute mass of a sample 
msolv.  g Mass of solvent 
mZ g Mass of a gas Z 
M g/mol Molar mass 
MZ g/mol Molar mass of an individual gas Z 
MB wt% Mass balance 
n mol Molar quantity 
nN2 mol Molar quantity of nitrogen 
nZ mol Molar quantity of an individual gas 
 mol/min Molar flow 
 mol/min Molar flow of nitrogen 
%N wt% Nitrogen content in a sample (ultimate analysis) 
NDF  Neutral detergent fibre 
%O wt% Oxygen content in a sample (ultimate analysis) 
p0 mbar Atmospheric pressure (=1013.25 mbar) 
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pover mbar Overpressure 
Δp mbar Pressure loss 
Δpfb mbar Pressure loss of a fluidised bed 
Δpfix mbar Pressure loss of a fixed bed 
Δps mbar Pressure loss of support 
pst mbar Static pressure 
PCS MJ/kg Pouvoir calorifique supérieur 
Re  Reynolds number 
Ree  Reynolds number at entrainment velocity 
Remf;P,V  Reynolds number for minimum fluidisation of a particle 
with a spheres volume equivalent diameter 
ReP,V  Reynolds number of a particle (volume equivalent sphere)
RP  Rapid pyrolysis 
RPR kg/kg Residue-to-product ratio 
RT min Retention time 
Q kg/h Mass flow rate 
SV 1/m Volume specific surface of a particle bed 
SV,Sph 1/m Volume specific surface of a sphere 
Sc  Shea cake 
t min Time 
tgas min Gas sampling time 
texp min Experimentation time 
T K Absolute temperature of experimentation 
Ti,a K Avg. temp. of 2 time equivalent points of diff. dTG profiles 
Ti,extr.cake K Temperature of extr. cake dTG profile during time interval 
i 
Ti,extractive K Temperature of extractive dTG profile during time interval 
i  
TN K Norm temperature (=273.15 K) 
TG  Thermogravimetry 
TGA  Thermogravimetric analysis 
u m/s Flow velocity 
ue m/s Entrainment flow velocity 
umf m/s Minimum fluidisation velocity 
umf,V m/s Minimum fluidisation velocity calculated with the volume 
equivalent diameter of a sphere 
umf(exp.) m/s Minimum fluidisation velocity, experimentally determined 
umf(th.) m/s Minimum fluidisation velocity, calculated 
νN2	 vol% Volume fraction of nitrogen gas 
νO2 vol% Volume fraction of oxygen gas 
νZ vol% Volume fraction of a gas Z 
V l Volume 
Vfix m3 Volume of the fixed bed 
VP m3 Volume of the particles in the particle bed 
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Vp-oil ml Absolute volume of a pyrolysis oil sample 
Vsolv. ml Absolute volume of a solvent 
VSph m3 Volume of a sphere 
Vtotal l Total volume of a gas samples 
VM mol/l Molar volume 
VM  Volatile matter 
%VM wt% Volatile matter content in a sample (proximate analysis) 
VO  Vegetable oil 
 m3/h Volume flow 
 m3/h Volume flow at entrainment velocity 
 lN/min Volume flow of nitrogen 
 m3/h Volume flow for minimal fluidisation 
 m3/h Volume flow for minimal fluidisation at norm conditions 
 mN3/h Volume flow at norm conditions 
 m3/h Volume flow of a gas component Z 
WPactual t Actual waste potential 
WP100% t Waste potential (processing unities at 100% of capacity) 
WPt t Theoretical waste potential 
Xcomp. mg/l Concentration of a compound concerning a peak in 
chromatogram 
XIS mg/l Concentration of internal standard (= 1 mg/l) 
Y wt% Yield 
Ychar wt% Char yield 
Ychar(ash free) wt% Char yield on ash free basis 
Ychar, dry BM basis wt% Char yield on dry biomass basis 
Ychar(extractive and ash 
free) 
wt% Char yield on extractive and ash free basis 
Ygas wt% Gas yield 
Ygas,dry biomass basis wt% Gas yield on dry biomass basis 
YH2O wt% Water yield 
Ylight wt% Yield of light pyrolysis oil fractions (flash pyrolysis) 
Yorg. (Z) wt% Yield of an organic compound Z 
Yp-oil wt% Pyrolysis oil yield 
Yp-oil+light wt% Accumulated yield of heavy and light pyrolysis oil 
fractions 
Yp-oil,dry BM basis wt% Pyrolysis oil yield on dry biomass basis 
Yp-oil, dry wt% Pyrolysis oil yield without water (only organic fraction) 
YZ wt% Mass yield of a compound Z (gas or liquid) 
Z  Placeholder for an individual compound in a mixture 




Symbol Unit Explanation 
γ 1/s Shear rate in rheological laws 
ε  Porosity 
εfb  Porosity of a fluidised bed 
εfix  Porosity of a fixed bed 
εmf  Porosity of a bed at minimum fluidisation 
η kg/m/s Dynamic viscosity of a fluid   
ηa Pa*s Apparent dynamic viscosity of a pyrolysis oil 
λ	  Behaviour index in rheological laws 
ν	 m2/s Kinematic viscosity of a fluid 
ρ kg/m3 Density of a sample 
ρapp kg/m3 Apparent density of particles 
ρfix kg/m3 Density of the fixed bed 
ρG kg/m3 Density of a gas 
ρH2O kg/m3 Density of water 
ρP kg/m3 Density of the particles 
ρp-oil g/ml Density of pyrolysis oil 
ρsolv. g/ml Density of a solvent 
ρs kg/m3 Density of a solid (sand) 
ψ	  Sphericity of a particle 
τ	 Pa Shear stress in rheological laws 
ω wt% Mass fraction 
ωash in char wt% Mass fraction of ash in a char sample 
ωextractives wt% Extractives mass fraction in a biomass sample 
ωH2O wt% Water fraction in a pyrolysis oil sample 
ωH2O,dil. wt% Water fraction in a diluted pyrolysis oil sample 
ωp-oil(Z) wt% Weight fraction of a component Z in a pyrolysis oil 
ωorganic solids wt% Mass fraction of organic solids in a biomass sample 
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Aujourd'hui, les combustibles fossiles contribuent à plus de 80% la demande 
mondiale en énergie primaire. Leur consommation progresse et les prix augmentent 
[1]. Les pays d'Afrique sub-saharienne sont pénalisés, d'une part par la rareté des 
ressources propres et d'autre part par leur dépendance énergétique [2]. Dans ce 
contexte, les énergies renouvelables deviennent de plus en plus importantes. Le bois 
est une des sources principales d'énergie renouvelable [3, 4], mais souvent utilisé 
d’une manière inefficace et non-durable [5-8] ce qui conduit à l'augmentation des 
problèmes de déforestation. Le développement des procédés modernes de 
conversion de biomasse en énergie, avec des rendements élevés, est crucial et doit 
reposer sur des sous-produits de l'agriculture, de l'industrie ou de l’industrie agro-
alimentaire.  
Le traitement des noix de cajou, des graines de jatropha et des noix de karité génère 
des résidus inexploités à savoir les coques d’anacarde (CNS) et les tourteaux de 
jatropha (Jc) et de karité (Sc). Ces biomasses ont une similitude particulière ; elles 
sont riches en matière extractible. Les coques d’anacarde contiennent 25-30% de 
baume de cajou [9] (en anglais : cashew nut shell liquid; CNSL). Le jatropha et le 
karité sont cultivés pour leurs huiles végétales (teneur en huile de 35% [10] et de 30 
à 55% [11, 12] respectivement), qui sont utilisées comme substitut de Diesel (à l’état 
pur [12, 13] ou après transformation en biodiesel [13, 14]) ou dans les secteurs 
nutritionnels [15] et cosmétiques respectivement.  
L’extraction mécanique des matières extractibles généré un résidu solide appelé 
‘tourteau’ qui contient des quantités variables d'huile végétale. Les tourteaux de 
jatropha et de karité sont inexploités pour des raisons multiples [16-21] et sont donc 
disponibles pour une valorisation énergétique. 
Bien que la nature chimique de ces extractibles soit différente, ils sont responsables 
de problèmes rencontrés dans les applications de combustion directe: faible 
efficacité de la combustion, en dépit du pouvoir calorifique relativement élevé [22]; 
émission de fumée nuisible et des dépôts de suie [23, 24]. Cela provient 
principalement du fait que les extractibles s'évaporent ou se décomposent en 
produits volatils et ne sont que partiellement dégradés mais pas complètement 
oxydés. 
Cependant, les composés liquides, à haut pouvoir calorifique, contenus dans une 
biomasse pourraient être bénéfiques lorsque ces dernières sont converties en 
combustibles liquides. Parmi les procédés thermochimiques permettant de convertir 
des biomasses solides en vecteur énergétique liquide, la pyrolyse flash, qui permet 
des rendements pouvant atteindre 70% [3, 25], est une voie prometteuse. Les huiles 
de pyrolyse produites peuvent être utilisées pour produire de l’énergie thermique ou 
de l’électrique, par leurs combustions dans une chaudière ou par combustion interne 
dans un moteur ou par turbines à gaz [25, 26]. Il faut noter par ailleurs que la 
production des huiles de pyrolyse peut être considérée comme la première étape de 
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conversion de la biomasse (pré-conditionnement) pour le co-raffinage avec du fioul 
lourd ou de la gazéification [25, 27]. 
Par conséquent, il est intéressant d'analyser comment ces biomasses, riches en 
extractibles, se comportent dans des conditions de pyrolyse. A quelles températures 
se décomposent les extractibles ? Quels sont les produits chimiques résultant de la 
pyrolyse des extractibles ? La décomposition des extractibles influence-t-elle le 
comportement pyrolytique de la matrice solide ? Les extractibles interagissent-ils 
avec les macromolécules organiques ? Quels sont les produits de cette interaction ? 
Quelle est la qualité physique des huiles de pyrolyse obtenues à partir de la pyrolyse 
flash des biomasses riches en extractibles ? 
L’un des soucis principaux rencontrés lors de l'utilisation des huiles de pyrolyse est 
leur faible stabilité physique et chimique [3, 27]. En effet, les caractéristiques 
physico-chimiques des huiles évoluent avec le temps et peuvent provoquer une 
augmentation de la viscosité et une séparation des phases [3]. L'addition des 
solvants organiques peut servir à homogénéiser et à améliorer la qualité des huiles 
de pyrolyse [28-30]. L’autre approche pour stabiliser les huiles de pyrolyse est 
l’émulsification avec des hydrocarbures [30-32]. Comme le diesel est un produit 
importé dans les pays sub-sahariens, une autre question de recherche est de savoir 
s’il est possible de formuler/stabiliser les huiles de pyrolyse avec des additifs non-
fossiles disponibles dans ces pays, à savoir le CNSL et l’huile végétale ? 
C’est à toutes ces questions que cette thèse va tenter de répondre dans le cadre de 
ce travail de recherche et dont le manuscrit est décomposé en six chapitres. 
Le premier chapitre et consacré à une revue bibliographique. Après une 
introduction aux procédés de conversion de la biomasse, un bref aperçu de 
l'approvisionnement énergétique en Afrique de l'Ouest est donné et une étude de la 
disponibilité des biomasses est appréhendée. Par ailleurs, ce chapitre décrit la 
composition et le comportement pyrolytique des biomasses en général ainsi que 
ceux des résidus sélectionnées pour cette étude. Finalement, d’une manière plus 
détaillée, les procédés de conversion par pyrolyse flash, les caractéristiques des 
huiles de pyrolyse obtenues et les difficultés liées à l’exploitation de ces procédés 
sont présentés. Dans le chapitre II les protocoles expérimentaux, les procédures 
d'analyse ainsi que les équipements et installations utilisés pour la réalisation de ce 
travail sont détaillés. Le chapitre III est consacré à la présentation des 
caractéristiques physico-chimiques des biomasses utilisés ainsi qu’à l’étude de 
leurs décomposition thermochimique, par pyrolyse lente, en fonction de leur 
contenu en extractible. L’étude de l'influence de la teneur en extractibles initial sur 
la décomposition thermochimique sous chauffage rapide et flash fait l’objet du 
chapitre IV. L'intérêt de ces travaux était d’étudier si la matière extractible interagit 
avec la matrice solide lors de la pyrolyse en analysant les rendements massiques et 
la composition des produits solides, liquides et gazeux. La caractérisation 
rhéologique des huiles de pyrolyse ainsi que les résultats des essais de stabilisation 
des huiles de pyrolyse en émulsions font l’objet du chapitre V. Finalement, le chapitre 
6 est consacré aux conclusions générales et aux perspectives. 
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Chapitre I – Des combustibles liquides à partir de la 
biomasse 
 
1 La biomasse et sa conversion en combustibles liquides 
Le terme ‘biomasse’ décrit toutes les matières organiques (mortes ou vivantes ; 
marins et terrestres) non-fossiles [33-35]. La biomasse est une source renouvelable 
du carbone (= source de l’énergie chimique) [36]. Le bois, les cultures énergétiques 
et les résidus de l’agriculture/la foresterie sont parmi les ressources principales de 
l’énergie renouvelable [37], dont la combustion, en foyer ouvert, est le moyen le plus 
utilisé pour la production de l’énergie thermique [36]. En outre, il est possible de 
convertir la biomasse solide, avec des technologies plus sophistiquées, en 
combustibles liquides (biocarburants de la deuxième génération) avec des 
caractéristiques physico-chimiques permettant son stockage, son transport et son 
transfert par des pompes [38]. L’avantage des biocarburants dit de "2ième génération" 
est la vaste gamme de matières premières utilisable. Cependant, la production de 
ces biocarburants n'est pas encore rentable, pour des raisons techniques [39].  
Les biocarburants sont généralement produits suivant deux approches 
fondamentalement différentes, à savoir le traitement biologique/biochimique ou 
thermochimique [40]. L’avantage des procédés thermochimiques consiste en leurs 
flexibilité par rapport à la nature des biomasses [40]. Ils comprennent la gazéification, 
la pyrolyse et la liquéfaction [27, 39].  
La gazéification permet la transformation de la biomasse, par oxydation partielle, en 
gaz combustible (CO2, CO, H2, CH4, N2 [27, 39, 41, 42]). Ce gaz peut être soit utilisé 
comme carburant (moteurs à combustion interne) [27, 41] ou comme gaz de 
synthèse pour la production des produits chimiques/combustibles synthétiques par le 
procédé Fischer-Tropsch [39, 42].  
La pyrolyse permet la transformation de la biomasse par chauffage sous atmosphère 
inerte, en trois produits : le coke de pyrolyse (=charbon), des gaz condensables 
(=huiles de pyrolyse) et des gaz incondensables.  
La pyrolyse flash permet la décomposition de la biomasse en un liquide. Pour ce 
faire, elle est réalisée avec des vitesses de chauffe et une densité de flux de chaleur 
très élevées, des temps de séjour très court, des transferts de masse en intérieur des 
particules et dans le réacteur ainsi qu’un refroidissement des vapeurs condensables 
rapide. D’une manière générale, elle est réalisée à des températures de l’ordre de 
450 à 500°C et permet d’avoir des rendements élevés en huile de pyrolyse [3, 43, 
44]. L’attractivité de la pyrolyse flash réside dans la conversion des matériaux peu 
pratiques en combustibles liquides ayant une densité énergétique plus élevée, mais 
elle est encore en stade de développement [44].  
La liquéfaction est le processus par lequel la biomasse est convertie en fragments de 
molécules légères par réaction avec de l'hydrogène [45] ou des solvants sous haute 
pression (7 à 20 MPa) et à des températures élevées (550-650 K) [46-48]. Ces 
procédés ne sont pas économiquement viables jusqu’ici. 
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2 La composition chimique de la biomasse 
Le choix du procédé pour la production des carburants issus de la biomasse dépend 
fortement de la structure chimique et des composés majeurs de la biomasse [49]. 
Le bois consiste en composants majeurs structuraux et en composants mineures. 
Les composants principaux de la biomasse, dite lignocellulosique, sont la cellulose, 
les hémicelluloses et la lignine [50]. En plus, il y a plusieurs composés non-
structuraux en faibles pourcentages [51, 52] qui influencent les propriétés chimiques, 
biologiques et physiques de la biomasse [51]. Comme ceux-ci peuvent être éliminés 
par des solvants divers [50, 51] ils sont appelés des ‘extractibles’ (bois environ 5% 
[53]). Des résidus forestiers et de l'agriculture contiennent des quantités plus élevées 
en matière extractible [50, 52, 54, 55]. Les extractibles sont des lipides (acides gras, 
mono-, di-et triglycérides), des protéines, des hydrocarbures (terpènes), des 
composés phénoliques, des hydrates de carbone (sucre, amidon), des alcools, des 
cires, des résines et des tanins [50, 51, 54, 56]. Il existe aussi des composés 
minéraux principalement sous forme de cendres (bois environ 2-5%, pourcentages 
très importants pour les résidus forestiers/agricoles ; paille de riz, 23%) [57]. 
La particularité des coques d’anacarde (CNS) par rapport à la biomasse 
lignocellulosique est leur teneur élevée (25-30% [9]) en CNSL ce qui est un mélange 
des phenoles alkenyliques [58] (l'acide anacardique 46-65%; le cardol 15-31%; le 
cardanol 10-22% ; méthyl-cardol [59]). Le CNSL pourrait être utilisé en chimie verte 
ou comme carburant mais il ne l’est pas en Afrique actuellement dû au manque 
d’infrastructures et d’investisseurs. Les coques sont disponibles pour une utilisation 
énergétique.  
La composition macromoléculaire des fruits oléagineux et de leurs tourteaux est 
différente comparée au bois. En dehors des macromolécules des lignocelluloses, les 
oléagineux contiennent de l'huile végétale et des protéines. Les protéines sont des 
bio-polymères des acides aminés (molécules contenant des fonctions amines et 
carboxyliques [60]). La composition macromoléculaire rapportée dans la littérature 
varie beaucoup selon les références d’une part à cause des paramètres différents 
(climat, sol, engrais) et d’autre part à cause de la complexité des mesures, ce qui 
amène des valeurs par fois incorrectes et souvent incomparables. Leurs teneurs en 
protéines et huile végétale changent considérablement la composition élémentaire.  
 
3 Décomposition pyrolytique des composés extractibles et des 
biomasses 
L’étude de la pyrolyse est souvent basée sur la compréhension du comportement 
pyrolytique des composés isolés. Ils réagissent de façon différente, en fonction des 
températures pour donner des produits très variés [61].  
Il est admis que la décomposition des macromolécules biologiques suit trois voies 
différentes: la formation du charbon (autour de 350°C) par des réactions de 
réarrangement, la dépolymérisation (400-500°C) et la fragmentation (> 600°C) [62]. 
La température de pyrolyse maximale et la vitesse de chauffe définissent la 
prédominance de ces mécanismes. 




Les protéines sont des macromolécules des acides aminés. Leur décomposition a 
lieu avant l'évaporation [63]. La dégradation thermique des protéines de graine de 
coton se produit à 230°C [64]. La pyrolyse des acides aminés est complexe en 
donnant plusieurs acides carboxyliques, des amides, ainsi que des dipeptides 
cycliques [65] mais elles ne se décomposent pas complètement (500°C; N2). 
D’autres produits sont les amines, les nitriles, les aldéhydes, les cétones, les 
hydrocarbures saturés et insaturés [65] et d'autres peptides cycliques oligomères 
[63]. Pendant la pyrolyse des protéines des gaz contenant de l'azote sont libérés 
[64]. 
Les composés principaux des huiles végétales sont des tri(acyl)glycérides mais 
elles contiennent également des acides gras libres (FFA), des monoglycérides, des 
diglycérides, des phosphatides, des lipoprotéines, des glycolipides, et des cires; des 
terpènes, des gommes [66]. La décomposition pyrolytique des triglycérides en 
thermogravimétrie est caractérisée par une perte de masse aigue entre 380 et 450°C 
[67, 68]. La volatilisation des triglycérides est complète (pas de charbon résiduel) 
terminée à 500°C. Les acides gras ont des pics de décomposition/vaporisation à 
250°C [69]. Les températures de volatilisation de tous les composés principaux des 
huiles végétales sont: la glycérine 195°C, les acides gras libres 210-220°C, des 
monoglycérides 230-240°C, des diglycérides 360 - 380°C et triglycérides 405 à 
415°C [70]. 
La température de la pyrolyse rapide des huiles végétales est d'environ 500°C, le 
temps de séjour est court, les vitesses de chauffe sont élevées [71]. Elles se 
dégradent thermiquement en acides gras à 300°C, qui peuvent encore être dégradés 
en alcanes, alcènes-1, cétones, acroléine et alkadiens à des températures plus 
élevées. La formation de composants cycliques/aromatiques est supportée par le 
mécanisme de Diels-Alder [72]. Des gaz de pyrolyse issus des triglycérides 
comprennent le CO2, le CO, l’hydrogène et des hydrocarbures [72]. 
Le comportement de décomposition thermique du CNSL à 5°C/min a lieu en deux 
étapes entre 168 à 392°C et entre 392 à 532°C [73]. Aucune explication pour l'origine 
de ces pics n’a été donnée. Toutefois, dans les températures appliquées le CNSL 
s’évapore presque entièrement (63 puis 31%).  
 
4 La pyrolyse flash pour la production de combustibles liquides à 
partir de la biomasse 
La composition chimique et les caractéristiques physico-chimiques des huiles de 
pyrolyse dépendent de la biomasse, du procédé, des conditions opératoires et du 
système de récupération [43, 74]. La composition élémentaire des huiles de pyrolyse 
diffère des combustibles pétroliers [75]. La teneur en oxygène est élevée (35-40%) 
conduisant à une densité d'énergie plus faible, à une hygroscopie, une lipophobie et 
à une acidité (pH <3) [75, 76] et dont le composé chimique principal est l'eau (15-
30% [43, 75], qui provienne principalement de l'humidité de la biomasse et des 
réactions de déshydratation [77]). La partie organique est constituée de plusieurs 
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centaines de composés [77, 78] à faible concentration: acides, alcools, cétones, 
aldéhydes, phénols, éthers, esters, sucres, furannes, composés azotés et 
multifonctionnels [77].  
La viscosité est une propriété importante pour les carburants [79-81]; celle des huiles 
de pyrolyse diffère largement de celles des produits pétroliers [74, 75, 82]. Les 
liquides de pyrolyse du bois sont newtoniens (la viscosité est constante aux taux de 
cisaillement différents). Par contre, il est également à noter que le comportement de 
certaines huiles de pyrolyse issues d’autres biomasses est non-Newtonien, ce qui 
nécessite la connaissance et la modélisation du comportement rhéologique de ces 
huiles. 
Les huiles de pyrolyse de haute qualité issues du bois sont des (micro-)émulsions 
(pseudo-) homogènes monophasiques [83-85] des composés dérivés de la biomasse 
et de l'eau dans lequel des particules solides, des matériaux cireux, des gouttelettes 
aqueuses, des gouttelettes riches en extractibles, et des micelles sont suspendus 
[54, 86]. Des teneurs élevées en extractibles influencent négativement l'homogénéité 
des huiles de pyrolyse, ce qui se traduit par une séparation des phases [85-88] liée à 
la différence chimique des matières extractibles (polarité, solubilité, densité) comparé 
aux dérivées des lignocellulosiques [54].  
Les huiles de pyrolyse sont des mélanges auto-réactifs [80] constamment en 
mouvement vers l'équilibre chimique [29] ce qui pose le problème principal de leurs 
faible stabilité au stockage. La composition chimique a tendance à changer avec le 
temps dû aux réactions entre les composants [75-78] (polymérisation/condensation, 
estérification, éthérification [82, 89], traduisant une augmentation de la viscosité [29, 
76, 89]. Ce processus appelé ‘vieillissement’ [29] est catalysé par la présence de 
charbon [90] et par les températures élevées [77, 91]. Les réactions chimiques 
entraînent un changement de la polarité favorisant une séparation des phases [54, 
78]. Donc, l'utilisation des huiles est limitée s’il n'y a pas une application à court 
terme. 
Des solvants dipolaires, tel que le méthanol, sont souvent utilisés pour 
l’homogénéisation et la réduction de la viscosité des huiles de pyrolyse, ce qui est 
par ailleurs bénéfique pour la pulvérisation [81]. Les solvants dipolaires augmentent 
le fractionnement et la dispersion des gouttelettes d'eau ce qui entraîne une 
réduction de la vitesse de sédimentation et augmente la stabilité [81]. Plusieurs 
études ont été menées afin de mélanger les huiles de pyrolyse avec d'autres 
combustibles liquides. Le succès de l'émulsification est souvent douteux ou les 
mélanges sont susceptibles de ne pas être des émulsions «réelles». Les mélanges 
biodiesel/huile de pyrolyse se séparent vite après leur formulation [29, 92]. Des 
émulsions réelles d'huile de pyrolyse/diesel se séparaient après un certain temps de 
stockage [32, 93, 94]. L'application des émulsions dans des moteurs est limitée et le 
comportement à long terme n'a pas encore été prouvé [95]. 
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5 Objectifs de la thèse 
L'objectif principal de cette thèse est d’étudier l’influence des extractibles sur la 
décomposition thermochimique de la biomasse ainsi que sur la nature des produits 
obtenus. 
Les objectifs spécifiques sont triples. Tout d'abord examiner le comportement 
thermochimique des matières extractibles lors de la pyrolyse. Quelles sont les 
températures de décomposition ? Quels sont les produits de décomposition des 
extractibles ? Interagissent-ils avec la matrice solide ? 
Deuxièmement, il est intéressant d’appréhender quels types de produits de 
décomposition sont libérés lors de la pyrolyse des extractibles et comment sont-ils 
dispersés dans les produits.  
Troisièmement, les huiles de pyrolyses obtenues à partir de la pyrolyse flash ont fait 
l'objet d'une caractérisation chimique et physico-chimique, en particulier, l’influence 
des extractibles sur le comportement rhéologique des huiles de pyrolyse et les 
possibilités de stabiliser les huiles de pyrolyse par ajouts d'autres biocarburants 
disponibles en Afrique de l’Ouest ? 
 
 
Chapitre II – Matériels et méthodes 
Ce chapitre a pour objectif de décrire les matériaux utilisés ainsi que les équipements 
et les procédures appliqués. 
 
Les échantillons de biomasse ont été livrés par des entreprises différentes 
burkinabés. Plusieurs techniques analytiques de caractérisation ont été appliquées 
pour décrire ces combustibles solides, pour étudier leur composition et leur structure. 
La thermogravimétrie a été utilisée comme outil d’analyse de la décomposition 
thermochimique sous une vitesse de chauffe lente (20°C/min) jusqu’à 500°C en 
atmosphère inerte (Ar, 20 ml/min). 
 
L'influence de la teneur en extractibles sur le comportement de pyrolyse, la 
distribution des produits et les caractéristiques des produits ont été analysés à deux 
échelles différentes et complémentaires. 
- Dans un réacteur tubulaire à lit fixe chauffé de l'extérieur à l'échelle du laboratoire 
pour la recherche fondamentale qui permet la pyrolyse rapide (autour de 
300°C/min minute) de petites quantités d'échantillons (<10g). Les bilans 
massiques supérieurs à 90% avec une reproductibilité élevée [62, 96] sont 
possibles en raison de la récupération presque complète des fractions solides, 
liquides et gazeux. L'étude de l'évolution des rendements et des caractéristiques 
des produits en fonction de la teneur en extractible (de 0 à 100%) est réalisable. 
- Dans une installation à l’échelle pilote du lit fluidisé qui permet la pyrolyse flash 
ayant une capacité de débit de 1,5 kg/h (bois). La récupération des fractions 
solides, liquides et gazeux pour étudier les rendements et les caractéristiques est 
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possible pour les échantillons solides avec des teneurs en extractibles de 0 à 15% 
(tourteaux de-huilés et bruts). 
 
Les huiles de pyrolyse ont été analysées par rapport à leur teneur en eau et leurs 
compositions en produits chimiques (GC/MS). La composition des gaz de pyrolyse 
(CO2, CO, CH4, H2, C2H4, C2H6) a été déterminée quantitativement par µGC. 
 
Les huiles de pyrolyse flash ont subi une analyse de viscosité (en fonction de la 
température et avec des teneurs en méthanol différentes) avec un viscosimètre 
rotatif "RHEOMETRICS RFS II" en mode permanent et dynamique (géométrie d’un 
cône et un plat) lié à un ordinateur de surveillance pour l’acquisition des données en 
ligne. L’huile végétale de jatropha, le biodiesel de jatropha et le CNSL ont été utilisés 




Chapitre III – Caractérisation de la biomasse 
Les différents biomasses riches en extractibles ainsi que le bois d’hévéa, utilisé 
comme référence lignocellulosique, ont été caractérisés par plusieurs méthodes. 
La teneur en matières extractibles influe considérablement sur les propriétés 
physico-chimiques. La procédure appliquée pour analyser la composition 
macromoléculaire a été confirmée par les résultats trouvés sur le bois d’hévéa. Ces 
résultats étaient comparables aux valeurs rapportées dans la littérature. 
La composition macromoléculaire du tourteau des coques d’anacarde, déterminée 
après extraction à l’eau et à l’éther de pétrole, est de 27%, 59% et 14% pour la 
lignine, la cellulose et les hémicelluloses respectivement. Pour le tourteau des 
coques d’anacarde brut, la composition a été calculée à partir des résultats de 
l’analyse macromoléculaire et les teneurs en extractibles. Elle est composée de 
26,5% d’extractibles à l'eau, 38,3% d’extractible à l'éther de pétrole, 9,5% de la 
lignine, 20,8% des hémicelluloses et 4,9% de la cellulose. C’est la première fois que 
la composition des coques d’anacarde (en forme de tourteau) a été documentée. 
Les profils dTG des tourteaux extraits à l’eau et à l’éther de pétrole pour l’anacarde, 
le jatropha et le karité ressemblent au profil du bois avec des intensités des pics 
moins importants. L'analyse thermogravimétrique permet de déduire, en première 
approche, que les réactions de décomposition des extractibles n’ont pas d’influences 
significatives sur la décomposition de la matrice solide. Les températures de 
décomposition des composés individuels ne sont que légèrement décalés dû aux 
chevauchements des réactions de décomposition. Le CNSL s'évapore et/ou se 
décompose dans la même gamme de températures de décomposition des 
hémicelluloses.  
Les triglycérides sont plus stables à des faibles températures. Ils se décomposent 
intégralement à un petit intervalle de température supérieur aux températures de 
décomposition des protéines, des hémicelluloses et de la cellulose (380-420°C). 
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Cependant, plus la concentration d’huile végétale dans un échantillon (35 à 50% 
pour les noix et environ 15% pour les tourteaux bruts) est basse plus la température 
de décomposition apparente des triglycérides est basse. Cela est dû au 
chevauchement de la décomposition des triglycérides avec celles des autres 
composés. La comparaison des profils dTG mesurés avec de la superposition 
calculée ne colle pas très bien. Ainsi, il pourrait être supposé que les interactions des 
huiles végétales avec la matrice solide ont lieu à une certaine ampleur plus 
importante que pour l’anacarde.  
 
 
Chapitre IV – Influence de la teneur en extractibles des 
biomasses sur leur pyrolyse 
L'influence des teneurs en extractibles sur la conversion thermochimique et sur les 
rendements ainsi que la composition des produits de la pyrolyse font l'objet de ce 
chapitre.  
 
Les résultats des essais de pyrolyse rapide ont révélé que les rendements en liquide 
augmentent avec la teneur en matières extractibles de la biomasse initiale, tandis 
que les rendements en charbon et en gaz diminuent. La composition du charbon 
n’est pratiquement pas influencée par la teneur en extractibles initiale du fait que leur 
volatilisation/décomposition est quasiment entière. Les gaz de pyrolyse sont affectés 
par la présence des extractibles. Plus la teneur en extractibles est élevée moins le 
rendement en gaz est élevé. Par contre le PCS des gaz augmente en raison de la 
l’augmentation des concentrations en hydrocarbures à chaîne courte (CH4, C2H6, 
C2H4). 
Les analyses détaillées des huiles de pyrolyse ont révélé que les extractibles 
donnent des composés différents que ceux typiquement identifiés dans les huiles de 
pyrolyse issues de la biomasse lignocellulosiques. Cela est traduit par une baisse 
des rendements des composés quantifiables classiquement par la méthode 
analytique de GC/MS. Toutefois, une méthode semi-quantitative a été utilisée pour 
étudier la distribution des composés en fonction de leur temps de rétention. 
Il a été montré que la moitié du CNSL brut est récupérée dans un état non craqué. 
L'anneau phénolique semble assez stable ; plusieurs composés phénoliques 
pourraient être identifiés dans l'huile de pyrolyse du CNSL. En revanche, les chaînes 
latérales alkyliques sont clivées à une certaine ampleur.  
Contrairement aux observations concernant le CNSL, les huiles végétales sont 
craquées entièrement sous des conditions de pyrolyse rapide. Leur décomposition 
résulte en des chaînes linéaires carbonées. 
Concernant les échantillons d’anacarde, aucune molécule n’a été clairement 
détectée qui pourrait être témoin d’une interaction du CNSL avec la matrice solide.  
La décomposition des huiles végétales en présence des protéines résulte des 
hydrocarbures à longues chaînes azotées, ce qui est un signe d’une interaction soit 
entre l’azote des protéines et les triglycérides (réactions primaires) soit entre les 
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produits de décomposition des huiles végétales et les protéines (réactions 
secondaires). 
 
Des expériences de pyrolyse flash ont été réalisées dans un réacteur à lit fluidisé à 
l’échelle pilote avec des matières premières brutes, à savoir le tourteau des coques 
d’anacarde et les tourteaux de jatropha et de karité. Ceux-ci contiennent 10 à 15% 
de matière extractible, soit le CNSL, soit l'huile végétale respectivement. Pour étudier 
l'influence de ces extractibles sur la performance du réacteur et la qualité des huiles 
de pyrolyse, des tourteaux déshuilés ont été pyrolysés également. 
Des expériences ont d'abord été effectuées sur le bois d’hévéa aux conditions de 
référence. Cependant, celles-ci ont provoqué des problèmes de fonctionnement avec 
les autres biomasses (colmatage du réacteur) et ont du être modifiées pour les 
adapter aux propriétés des biomasses étudiées pour permettre un fonctionnement 
stable : la diminution de la hauteur du matériel de lit et à une distribution de la taille 
des particules supérieure et une vitesse d'écoulement du gaz vecteur supérieur ont 
été appliquées en liaison avec un débit de biomasse plus faible.  
 
En dépit des problèmes de fonctionnement rencontrés, cette étude apporte des 
expériences importantes dans le domaine de la pyrolyse flash de résidus agricoles 
(riche en extractibles) qui, jusqu'ici, n'ont jamais fait l'objet d'autres études (tourteau 
des coques d’anacarde et tourteau de karité).  
Les résultats des essais réalisés sur les différentes biomasses ont montrés que : 
 Les rendements en charbon des tourteaux sont considérablement plus élevés, 
surtout pour le tourteau (déshuilé) de karité.  
 Les rendements en gaz sont dans le même ordre de grandeur avec une 
composition qui diffère sensiblement en particulier en ce qui concerne les 
concentrations de mono- et dioxyde de carbone, qui sont beaucoup plus élevés 
par rapport au bois.  
 
Il a été possible de produire des huiles de pyrolyse flash avec toutes les biomasses 
riches en extractibles sélectionnées et leurs homologues déshuilés. Des bilans 
massiques ont été obtenus pour toutes les expériences. Toutefois, suite aux 
problèmes opérationnels discutés ci-dessus, les bilans massiques sont, parfois, 
imprécis. 
 
Les huiles de pyrolyse obtenues à partir des tourteaux sont différentes de celles 
obtenues classiquement à partir de bois : 
 Elles sont diphasiques juste après leurs production (tourteau de jatropha) ou après 
un temps de stockage court (tourteau des coques d’anacarde),  
 Les phases organiques sont très visqueuses et ont tendance à coller aux parois 
de l'équipement de récupération. 
 La miscibilité des composés d’hydrocarbures à chaîne longue comme les alcanes, 
les alcènes et les acides gras avec l'isoparrafin rend la séparation des phases et 
la récupération des huiles de pyrolyse presque impossible. 
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Chapitre V - Caractérisation rhéologique et formulation 
Les huiles de pyrolyse flash du bois d'hévéa et des tourteaux déshuilés et bruts des 
coques d’anacarde, de jatropha et de karité ont été caractérisées concernant leur 
comportement rhéologique. La mesure de leur viscosité entre 25 et 80°C et avec des 
concentrations en méthanol de 0 à 16% ont fait l'objet de l'étude. 
Les résultats obtenus ont montrés que l’huile de pyrolyse issue du bois d’hévéa est 
pseudo-homogène avec une faible viscosité (à un comportement newtonien). 
La caractérisation rhéologique des huiles de pyrolyse de la biomasse non-
lignocellulosique a été limitée par le fait que leur échantillonnage est difficile du fait 
qu’elles ne sont pas homogènes et diphasiques.  
L'augmentation de la température ou l’ajout de méthanol aux huiles de pyrolyse ont 
permis d’homogénéiser et de faire diminuer la viscosité. A partir d’une concentration 
massique d'environ 3% en méthanol, la plupart des huiles de pyrolyse deviennent 
homogènes. Néanmoins, il n'était pas possible de transformer les huiles de pyrolyse 
à haute viscosité de la phase organique (issue du tourteau de jatropha brut) en un 
liquide homogène, même aux concentrations très élevées. 
L’émulsification des huiles de pyrolyse diphasiques a été également testée pour 
obtenir des liquides pseudo-homogènes. L'émulsification a été efficace pour certains 
échantillons. L'application d'un agent émulsifiant (tensioactif) résulte en une 
augmentation de la viscosité de l’échantillon par rapport à l'échantillon émulsifié sans 
ajout de l’émulsifiant. 
 
Afin d'améliorer la qualité des huiles de pyrolyse, des tests préliminaires 
d'émulsification de mélanges d’huile de pyrolyse issue du bois d’hévéa avec de 
l'huile végétale de jatropha, du biodiesel de jatropha et du CNSL ont été réalisés. 
L’objectif était de savoir si l’émulsification est possible avec ces biocarburants et 
avec quelles concentrations maximales. Il a pu être démontré qu'il est possible 
d'émulsifier l'huile végétale (30 à 50%), le biodiesel (30%) et le CNSL (30 et 50%) 
dans huile de pyrolyse d’hévéa. Seuls les mélanges huile végétale/huile de pyrolyse 
donnent des émulsions qui sont stables dans les conditions appliquées. 
L’émulsification d'huile végétale avec les huiles de pyrolyse des biomasses non-
lignocellulosiques était efficace seulement pour les mélanges 30% d'huile végétale 
dans l'huile de pyrolyse du tourteau des coques d’anacarde extrait et tourteau de 
jatropha extraits, cependant, celles-ci ne sont pas stables et la séparation des 
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Chapitre VI - Conclusion et perspectives 
L'utilisation de sous-produits inexploités de l'industrie agro-alimentaire est une 
alternative intéressante pour réduire le stress sur la végétation naturelle en Afrique 
de l’Ouest. Les coques d’anacarde (et leur tourteau), le tourteau de jatropha et le 
tourteau de karité ont été identifiés comme résidus disponibles et facilement 
mobilisables issus de la production des noix de cajou, d’huile de jatropha et du 
beurre de karité. 
Ces résidus ne sont pas adaptés à la combustion dans un foyer ouvert comme 
substitut du bois de chauffe, du fait qu’ils contiennent de fortes teneurs en matières 
extractibles (baume de cajou/CNSL et huile végétale contenant des alkyl-phénols et 
des triglycérides respectivement). Ceux-ci, lors de la combustion, sont à l’origine de 
la formation de produits toxiques en raison d’un comportement thermochimique 
différent par rapport aux macromolécules solides présentes dans le bois 
traditionnellement utilisé pour le chauffage. 
La pyrolyse flash qui permet de pré-conditionner la biomasse solide en combustibles 
liquides a été identifiée comme un procédé de conversion thermochimique alternatif 
et intéressant. La présence des matières extractibles pourrait être bénéfique pour la 
production de carburants liquides à partir de la biomasse. 
 
Le travail expérimental et fondamental mené durant cette thèse visait à examiner 
l'influence des extractibles sur le comportement de décomposition thermochimique et 
sur la composition des produits de pyrolyse issus des coques d’anacarde (et leur 
tourteaux), et les tourteaux du jatropha et du karité. 
L'originalité de cette thèse réside sur l'approche de l'analyse et de la pyrolyse des 
biomasses dérivées en échantillons avec des teneurs en extractibles différentes de 
0% (tourteaux déshuilés) à 100% (extractibles purs). 
Les analyses thermogravimétriques (faible vitesse de chauffe) des différentes 
biomasses ont révélées que les températures de décomposition varient pour les 
extractibles des coques d’anacarde (CNSL) et des huiles végétales. Le CNSL se 
décompose principalement entre 250 à 320°C ; des intermédiaires résiduels sont 
décomposés à environ 480°C. Les huiles végétales sont plus stables à des 
températures basses, mais se volatilisent dans une plage de température très étroite 
autour de 400°C. L’analyse thermogravimétrique conduit à l'hypothèse que 
l'interaction entre la matrice solide et les extractibles ne pourrait pas se produire dans 
une ampleur significative. Les pics individuels des composés se chevauchent 
uniquement ce qui conduit aux variations légères des pics de décomposition. 
 
Deux dispositifs complémentaires, ont permis d'étudier l'influence des extractibles sur 
la décomposition pyrolytique : un réacteur tubulaire à lit fixe (échelle laboratoire) et 
un réacteur à lit fluidisé (échelle pilote).  
Concernant le réacteur tubulaire les rendements en gaz, liquide et solide sont 
dépendants d’une manière proportionnelle à la teneur en extractibles de la biomasse 
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initial. Les rendements en charbon et en gaz diminuent tandis que le rendement en 
liquide augmente. 
Il a pu être montré que le CNSL se décompose seulement à environ 50% lors de la 
pyrolyse rapide et aucune interaction du CNSL avec la matrice solide des coques 
d’anacarde n’a été identifiée. En revanche, il a été montré que les huiles végétales 
sont entièrement décomposées lors de la pyrolyse rapide, des triglycérides ne sont 
pas présents dans les huiles de pyrolyse issues des huiles végétales ou des 
échantillons de fruits oléagineux. Des interactions entre les triglycérides et la matrice 
solide, c'est à dire des protéines contenant de l'azote, se produisent ce qui est 
prouvé par la présence de plusieurs hydrocarbures à chaîne longue azotés. 
 
C’était la première fois que la pyrolyse flash dans un réacteur à lit fluidisé à l’échelle 
pilote a été réalisée avec les résidus de la production des noix de cajou et de beurre 
de karité. La pyrolyse flash des tourteaux des coques d’anacarde, de jatropha et de 
karité (brut et déshuilé) a posé des problèmes opérationnels liés aux propriétés 
physiques de ces biomasses. Une adaptation des conditions opératoires a permis de 
mener des expériences pendant plusieurs heures. Cependant, des problèmes 
d'accumulation du charbon dans le réacteur ont été observés, dû à la densité élevée 
de la biomasse et l'agglomération des charbons qui a été évidemment favorisée par 
la présence des extractibles.  
Il a été possible de produire des huiles de pyrolyse flash en quantités suffisantes 
pour la caractérisation ultérieure. Les huiles de pyrolyse flash des tourteaux de 
coques d’anacarde brut et déshuilé étaient monophasiques mais ont subi une 
séparation des phases avec le temps. En accord avec la littérature les huiles de 
pyrolyse issues des tourteaux de jatropha et de karité bruts et déshuilés étaient 
diphasiques. 
Les huiles de pyrolyse obtenues ont été caractérisées quant à leur comportement 
rhéologique. Les huiles de pyrolyse issues des biomasses non-lignocellulosiques 
présentent un comportement non-newtonien. En accord avec la littérature, 
l'augmentation de la température se traduit en diminution de la viscosité. Le 
méthanol est un bon solvant et un agent d'homogénéisation des huiles de pyrolyse 
bi-phasiques. 
L’instabilité temporelle et thermique des huiles de pyrolyse est communément 
connue. Comme le méthanol est un produit principalement issu des combustibles 
fossiles, il n'est pas facilement disponible en Afrique de l'Ouest ce qui conduit à la 
nécessité de stabiliser les huiles de pyrolyse avec d'autres additifs efficaces. L'huile 
de jatropha, le biodiesel de jatropha et le CNSL ont été utilisés en tant que tel pour 
former des émulsions avec des huiles de pyrolyse. Cependant, malgré des efforts 
nombreux, il n'a pas été possible d'obtenir des émulsions stables. 
 
La pyrolyse flash des biomasses riches en extractibles dans le contexte ouest-
africain révèle de nombreux points de départ pour la poursuite des travaux de 
recherche fondamentale : 
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• Concernant la composition macromoléculaire des biomasses non-
lignocellulosiques, plus de travaux de recherche doivent être menés pour déterminer 
les constituants de la biomasse. Une connaissance précise de la composition de la 
biomasse rendrait l'interprétation des résultats de la thermogravimétrie et d’autres 
applications de pyrolyse plus pertinentes. 
 
• En ce qui concerne l'analyse thermogravimétrique qui est souvent utilisée pour 
déterminer la cinétique de décomposition de la biomasse, il serait intéressant, non 
seulement, d’appliquer les réactions des hémicelluloses, de la cellulose et de la 
lignine, mais d'ajouter d'autres constituants de la biomasse comme le CNSL (pour le 
cas des coques d’anacarde) ou des protéines et d'huile végétale (pour les fruits 
oléagineux). 
 
• Pour la pyrolyse de la biomasse riche en extractibles le procédé à utiliser doit 
permettre de limiter l'accumulation du charbon et le compactage de la biomasse/du 
charbon/du caloporteur. A partir de cette étude, on peut déduire que les lits fluidisés 
(qui sont techniquement matures et utilisés en industrie pour la combustion et la 
gazéification) ne sont pas tout à fait appropriés aux biomasses riches en extractibles. 
L'accumulation/l’agglomération du charbon pourrait être surmontée en lit fluidisé 
entraîné où les particules de charbon ne sont pas en contact permanent les uns avec 
les autres ni avec le caloporteur. Néanmoins, ces réacteurs nécessitent des débits 
élevés en gaz vecteur résultant en dilution élevée des vapeurs condensables et des 
gaz de pyrolyse. Des réacteurs à chute libre pourraient être une autre option 
intéressante n’ayant pas ce désavantage. Le transfert de chaleur de ce type de 
réacteur s'effectue principalement par le rayonnement. Pour les biomasses 
lignocellulosiques avec des surfaces claires cela pourrait être un facteur limitant, 
mais les tourteaux des biomasses riches en extractibles ont des surfaces foncées. 
Des réacteurs ablatifs ne nécessitent pas de gaz vecteur du tout. Cependant, la 
granulométrie des tourteaux n'est pas pratique car des particules plus grosses sont 
classiquement utilisées. Briquetage avant la pyrolyse est envisageable mais 
ajouterait une autre étape de traitement de la biomasse, ce qui est défavorable 
lorsque la conversion de la biomasse décentralisée constitue l'objectif principal. 
 
• Un avantage de l’hétérogénéité des huiles de pyrolyse avec une phase aqueuse et 
une phase huileuse pourrait être trouvé en cas de co-raffinage des huiles de pyrolyse 
avec la fraction lourde de combustibles fossiles. La phase huileuse ne contient que 
peu d’eau et les produits de décomposition des matières extractibles sont 
chimiquement plus proches à l'huile lourde que l'ensemble d'huile de pyrolyse. 
Toutefois, cette possibilité est plus d'importance théorique vu que la plupart des pays 
d’Afrique de l’Ouest n'ont pas de ressources fossiles propres ni les équipements de 
raffinage de pétrole fossile ou de l'infrastructure.  
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World energy situation and impact on Southern countries 
 
Nowadays, fossil fuels (oil, coal, and gas) contribute to more than 80% to the global 
primary energy supply (Figure GI - 1). In spite of the global economy crisis, steadily 
growing fuel consumption increases fuel prices worldwide. An imported barrel of 
crude oil cost about 120 US$ in April 2012 [1]. This makes the exploitation of 
resources hard to reach more and more profitable. The providing requires 
sophisticated high technology as for the exploitation of bituminous sand and deep 
sea drilling which are not environmentally friendly. One might think that the oil 
industry has reached the limits of technical controllability (Jörg Feddern, Greenpeace 
oil-expert) [2] and therefore has lost their justification faced to environmental dangers. 
 
 Figure GI - 1: World final energy supply 2009 (adapted from [3]) 
 
Sub-Saharan African countries are penalized twice by this development: first, by the 
scarcity of own fossil fuel resources (39 out of 53 countries are net importers of fossil 
fuels) and secondly by their energy dependency. This situation additionally increases 
fuel prices especially in rural areas which hampers the economic development [4, 5]. 
In this concern, renewable energy is of growing importance for these countries. A 
higher fraction of energy produced by efficient conversion of own resources results in 
diminishing importation dependencies and leads poor countries closer to energetic 
autonomy [5, 6].  
At global scale, wood and other forms of lignocellulosic biomass are one of the main 
renewable energy resources available [7, 8] because of worldwide high reserves 


















renewable energy source with the highest potential to contribute to the energy needs 
of modern society for both, the developed and developing economies worldwide [9]. 
Nevertheless, the share of biomass to the steadily augmenting total primary energy 
supply from 6.111 Million tons of oil equivalent (Mtoe) in 1973 to 12.150 Mtoe in 2009 
stayed almost constant at about 10% over the last 40 years [3]. 
African countries have abundant resources of biomass energy (forests, woodlands, 
agricultural residues and urban wastes) [5, 6]. As biomass is easily available for the 
poor populations and as it provides vital and affordable energy for domestic uses [8], 
it is the most important energy resource for more than half the world’s population for 
domestic energy needs (cooking, heating and lighting) [10, 11]. 
Woody biomass covers more than 60 % of the total primary energy consumption of 
many countries in developing state and can reach up to 80 % or more for the poorest 
African countries (Mali, Niger, etc.) [12, 13]. Worldwide, about 50% of the wood cut 
down every year serves as fuel [6, 11] which is leading to increasing deforestation. In 
Burkina Faso, Mali and Benin, forest and other wooded land areas decreased by 
350.000, 1.500.000 and 602.000 ha respectively in the period from 1990 to 2005 
[14]. 
Nevertheless, the processes to convert biomass to energy in domestic scale (cooking 
with firewood) are often inefficient with efficiencies varying from 5 to 10% [11, 15-17]. 
Population growth in the developing countries increases the energy demand, 
especially on wood, which results in deforestation favouring desertification [6, 11, 18]. 
Furthermore, indoor air pollution, a consequence of improper biomass utilisation in 
traditional “three-stone cook stoves”, affects health of the population and causes 
more than 1 dead victim per 1000 inhabitants per year in countries like Mali, Burkina 
Faso and Niger [5]. 
Thus, there is the need to develop modern processes with high energetic efficiencies, 
to convert biomass into energy not only to strike back deforestation and 
desertification but also to [5, 13, 18, 19]: 
- Increase security of energy supply 
- Diminish dependence on fossil fuel importations 
- Diminish green house gas emissions 
- Diminish health risks 
- Diminish the efforts to provide cooking energy 
- Create new jobs and contribute to rural development 
- Electrify rural areas 
 
 
Resources for alternative biomass energy applications 
 
In order to decrease stress on forest and natural vegetation, biomass energy supply 
for modern conversion processes in sub-Saharan Africa should be based on biomass 
waste rather than the natural vegetation. By-products from agriculture and agro-
alimentation industry seem to be most promising in terms of mobilisation potential. 




for cashew nuts, jatropha seeds and shea nuts, generate residues that are not 
exploited, namely cashew nut shells (CNS), jatropha presscake (Jc) and shea nut 
presscake (Sc) respectively. 
Harvested cashew nuts are processed in semi-industrial units. The remaining shells 
are unexploited by-products which contain, in a honey comb matrix, between 20 and 
25 wt% of an organic liquid [20], named cashew nut shell liquid (CNSL). After 
extraction from shells, CNSL can be used in green chemistry for the production of 
polymers and as resin substitute [21, 22]. Although the price for CNSL has risen over 
the last years [23], it is not high enough to encourage producers of cashew nuts in 
West Africa to invest in equipment for CNSL extraction and refining. 
 
Jatropha and shea are cultivated and harvested for their vegetable oils (contents of 
35 wt% [24] and 30-55wt% [25, 26] respectively), which are extracted for very 
different applications. As jatropha oil is inedible, it is mainly considered as diesel-
replacing liquid fuel, either at pure state [26, 27] or after transformation into biodiesel 
[27, 28]. Like in several other dry regions worldwide, for the past few years the 
cultivation of Jatropha curcas L. in West Africa has been increasing (claimed 
plantation areas: 70.000 ha in Burkina Faso [29], 1.534 ha in Ghana [30]). The 
vegetable oil from shea is solid at room temperature and therefore rather called shea 
butter. It is the main source of fat for most rural inhabitants of West Africa [31]. On 
the international market, shea butter is valuable in the cosmetic sector, but also in 
biotechnology and the agri-food sector (blends into chocolate products [32]). Among 
the estimated 600.000 tons (in 2009) of shea nuts harvested in West Africa (Burkina 
Faso, Mali, Ghana, Nigeria, Ivory Coast, Benin, Togo and Guinea) about 250.000 
tons are processed and consumed locally [33]. 
At industrial or semi-industrial scale, vegetable oils are extracted mechanically by 
pressing the nuts. This operation results in a solid residue called presscake, which 
contains variable amounts of vegetable oil depending on the press efficiency. 
Usually, press cakes derived from oil-bearing fruits are valuable animal fodder (soy, 
sunflower, rape), because of their high content in proteins and residual fats. 
However, jatropha and shea presscakes are not suitable as such. Jatropha 
presscake is toxic due to the presence of phorbol esters and curcin and contains a 
high level of fibre intense shells [34-36]. The nutritive value of shea presscakes is low 
due to low protein content. Additionally, shea cake contains phenolics, tannins and 
saponins that irritate the digestive tract of animals [37-39]. Therefore, jatropha and 
shea cake are available for energetic valorisation. 
 
 
Biomass conversion process of interest 
 
Regarding the solid structure of the aforementioned available residues, thermo-
chemical conversion processes could be the best way for their energetic valorisation. 
Generally, thermo-chemical conversion processes are preferable as they are able to 




or residues from agro-alimentary industry. They are not in competition to food supply 
chains which is essential for biomass energy production in countries where famine is 
destiny of the population. 
Thermo-chemical conversion of solid bio-fuels is the chemical transformation of the 
solid fuel under the influence of heat to give thermal energy and/or value added solid, 
liquid or gaseous energy carriers [40]. 
Among the different thermo-chemical processes which allow converting solid and dry 
biomasses into liquid energy carriers, fast pyrolysis is the most promising. By varying 
process parameters the yields of liquids, which are called pyrolysis oils, can reach up 
to 70 wt% (flash pyrolysis) [7, 40]. The obtained pyrolysis oil could be used for heat 
and/or power production, using conventional combustion equipment (boilers, 
stationary engines or gas turbines) without the need for extensive upgrading [40, 41]. 
Additionally, pyrolysis oils can be considered as a first step of biomass conversion 
(pre-conditioning) for co-refinery or gasification [40, 42]. Agricultural by-products and 
wastes with a low volumetric energy density could be transported to a local flash-
pyrolysis unity. The ‘pyrolysis oil’ with a higher energy density allows economic 
transportation over longer distances to gasification units [40] or refineries to be co-
refined once incorporated in heavy raw petroleum products. 
 
The main draw back in the utilization of these emulsions is their poor stability and 
their propensity to ‘age’ [7, 42], i.e. under the influence of (storage) time physico-
chemical characteristics change. In particular, slow polymerisation or condensation 
reactions lead to viscosity increase and phase separation [7]. The addition of organic 
solvents (for example alcohols), which serve as homogenisation agent, is suggested 
as a possible method to improve pyrolysis oil quality [43-45]. Another approach to 





Cashew nut shells, jatropha and shea cake are different from lignocellulosic 
biomasses which are mainly used for thermo-chemical conversion processes so far. 
They contain high amounts of extractable material. Although the chemical nature of 
these extractives is different, they are responsible for several drawbacks in direct 
combustion applications (especially in open fireplace or domestic systems): low 
combustion efficiency in spite of rather high calorific value [48]; release of unhealthy 
smoke and soot deposits in closer environment [20, 49]. The reason for such a 
smoke release is probably that the extractives evaporate or decompose into volatile 
compounds and are only partially degraded but not completely oxidized. 
 
However, liquid energy rich compounds in a biomass might be beneficial when these 
are converted to potential liquid fuel substitutes. Therefore, it is interesting to analyse 
how extractive rich biomasses behave under pyrolytic conditions. At which 




extractive pyrolysis? Does the extractive decomposition influence the pyrolysis 
behaviour of the solid matrix where the organic liquids are embedded in? Do 
extractives interact with organic macromolecules present in biomass? What are 
interaction products? 
What is the physical quality of pyrolysis oils obtained from flash pyrolysis of these 
extractive rich biomasses? Is it possible to formulate and stabilise the pyrolysis oils 
with additives other than of fossil origin, namely vegetable oil and CNSL that have 
been used as fuel already [26, 50-53]? This would be advantageous as a co-location 
of primary transformation facilities with a thermo-chemical conversion unit provides 
feedstock pre-processing and logistics [54].  
 
 
Structure of this thesis 
 
In order to contribute to the response of the aforementioned questions, different 
approaches have been applied which are presented in this thesis composed of five 
chapters.  
Chapter I contains basics on biomass conversion processes, describes the 
availability study and selection of biomasses used for this study. Moreover, Chapter I 
describes the composition and pyrolytic decomposition behaviour of lignocelluloses in 
general and of the selected biomasses in particular. An overview on flash pyrolysis 
processes with particular discussion of pyrolysis oil characteristics and handling 
difficulties is given as well. 
A detailed presentation on applied experimental set-ups, analysis procedures, and 
equipment is given in Chapter II.  
In Chapter III physico-chemical characteristics and pyrolytic decomposition behaviour 
under low heating rate of the selected biomasses in function of their extractive 
content are discussed. 
The influence of initial extractive content on decomposition behaviour under rapid 
and flash heating rate is subject of Chapter IV. The interest of these studies was to 
answer the question whether the extractive material interacts with the solid matrix 
during pyrolysis by analysing mass balances and the composition of gaseous, liquid, 
and solid product streams. 
As pyrolysis oils are different compared to commonly used liquid fuels (diesel) 
concerning their characteristics as a liquid (viscosity) they need to be analysed from 
the rheological point of view. The rheological characterisation of the flash pyrolysis 
oils is the content of Chapter V. The effects of several parameters, as extractive 
content, temperature, or solvent addition have been studied and their impact on the 
rheological behaviour of the pyrolysis oil was evaluated. As pyrolysis oils are 
chemically and physically not stable and also sensitive to heat exposure it has been 
tried to blend the pyrolysis oils with methanol and other biofuels in order to increase 
their stability. 
Finally in Chapter VI an overall conclusion and some propositions for further research 
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1 Biomass – an energy resource 
Biomass is a resource that is becoming increasingly important as a modern energy 
carrier. This chapter defines the term biomass, describes the composition of 
lignocelluloses, and introduces to the different technologies used to transform 
biomasses into liquid bio-fuels. 
 
 
1.1 Definition of biomass 
Biomass can be defined as all non-fossil-based living or dead organisms and organic 
materials [1, 2]; it is a general term for phyto-mass (or plant biomass) and zoo-mass 
(or animal biomass) [3]. As for most other forms of renewable energy, solar energy is 
the ‘mother’ of biomass energy. Solar energy, when captured by plants and 
converted by the process of photosynthesis (Equation I - 1), is ‘stored in the form of 
vegetation [3]. 
૟۱۽૛ ൅ ૚૛۶૛۽ ൅ ܛܗܔ܉ܚ	܍ܖ܍ܚ܏ܡ → ۱૟۶૚૛۽૟ ൅ ૟۽૛ ൅ ૟۶૛۽  Equation I - 1 
Thus, biomass may also be described as a renewable source of fixed carbon [4] and 
therefore as a chemical energy store [5]. Biomass consists of different types of dead 
and living plant cells, the structure and composition of which varies for different parts 
and species of the plants [6].  
 
 
1.2 Composition of biomass 
1.2.1 Structural and minor constituents of wood 
As shown in Figure I - 1, wood is composed of structural main components and minor 
constituents. The main components of cell walls of woody biomass are cellulose 
micro-fibrils embedded in a matrix of hemicelluloses and lignin [6]. Therefore, woody 
biomass is also called lignocellulosic. 
Cellulose is the main component of most lignocellulosic materials [7]. The general 
formula of alpha cellulose is (C6H10O5)n, it is a polysaccharidic macromolecule 
composed of linearly linked β-(1 - 4)-D-glucopyranose units [6]. 
Hemicelluloses are stabilizing the cellulose construction of the cell walls [8]. Unlike 
cellulose, hemicelluloses form a branched structure of 50-200 monomeric units of a 
few simple sugars (= hetero-polysaccharides [9]) with a lower degree of 
polymerisation [6]. Most of hemicelluloses have the general structure (C5H8O4)n. The 
most abundant hemicellulose is xylan. 
Together with hemicelluloses, the lignins are stabilising cellulose construction. 
Lignins are non-saccharidic highly branched and cross-linked polymers of 
mononuclear hydroxyl- and methoxy-substituted aromatic propane (phenyl-propane) 
units [6, 9]. Lignins form a lignocellulosic complex by being bound to adjacent 
cellulose fibres. The lignins on their own, but especially the complex, are resistant to 






Figure I - 1: Composition of wood (adapted from [8, 11, 12]) 
 
Additionally to these main constituents, there are a row of non-structural materials in 
low percentages  depending on the species and the wood fraction (stem wood, bark, 
needles) [11, 13-16] which might influence chemical, biological and physical 
properties of biomass [11]. As those can be removed by water or various types of 
solvents (ether, alcohol, benzene, acetone) [6, 11], they are called extractives. As 
different solvents extract different extractives, the solvent must be specified [16]. 
Wood extractive content is generally about 5%, but can be as high as 15% [17]. 
Residues from forestry (needles, bark, and leaves) and agriculture (straw, bagasse) 
contain higher amounts of extractives compared to stem wood and woody tissues [6, 
13, 16, 18]. Extractives are lipids (fatty acids, mono-, di- and triglycerides), proteins, 
hydrocarbons (terpenes), phenolic compounds, carbohydrates (sugars, starches), 
alcohols, waxes, resins and tannins [6, 11, 15, 16]. 
Apart from organic non-structural materials there exists mineral material (part of the 
water extractives [19]), mainly reported as ash. Ash content in wood is relatively low, 
about 2-5%, but can reach very high percentages for forestry and agricultural 
residues (for example rice straw and husk, 23%) [20]. 
 
 
1.2.2 Elemental composition of wood and wood components 
The elemental composition (C, O, H, N, ...) of biomass depends on their 
(macromolecular) composition, i.e. the relative proportions of cellulose, 
hemicelluloses and lignin. The elemental compositions of cellulose and hemi-
celluloses can be calculated by their formulas (given in 1.2.1) [21]. The relative 











































Table I - 1: Elemental composition of hemicelluloses, cellulose, lignin, and some 
lignocellulosic biomasses [wt%] 















































Wood 44-52 5-6.5 41-46  [11, 26] 
   Aspen 49.5 6.1 43.8 0.1 [24] 
   Beech 57.2 5.4 37.2 0.2 [9] 
 
Due to their different elemental composition, the relative proportions of the 
macromolecules influences the higher heating value of biomass. A linear correlation 
between the HHV (of extractive free biomass) and lignin content, which has a higher 
HHV compared to cellulose and hemicelluloses due to its higher carbon content, was 
observed [27]. 
Extractives influence the HHV of lignocelluloses as well. As there are many different 
extractives, the HHV’s of each species may differ widely. The HHV of resin has been 
calculated to be 15.000-16.000 Btu/lb (= 34.9-37.2 MJ/kg), which is rather high due to 
a low oxygen content in extractives [16]. Thus, extractives increase the HHV of 
(lignocellulosic) biomasses [15, 27]. 
 
 
1.2.3 Composition of other biomass constituents 
Starch is an anamorphous polymeric carbohydrate made up of monomeric glucose 
subunits (= polysaccharide) [28]. Two glucose polymers, amylose (linear) and 
amylopectin (branched), build up starch [29]. Their relative distribution depends on 
the biomass species. Starch is present in several biomasses; mainly in cereals and 
tubers [30] but also in straws and oil-bearing fruits. 
Starch is highly volatile (volatile matter of about 90%) and consists, depending on the 
amylose/amylopectin ratio, of about 53% C, 6% H and 38% O. The higher heating 
values varies between 19 and 23 MJ/kg [31]. 
Proteins are bio-polymers (macromolecules) of different nitrogen containing amino 
acids, which are organic molecules characterised by both, an acid group (carboxylic -
COOH) and an ammine group (-NH2) [32]. The elemental protein composition 







1.3 Biomass conversion into liquid fuels 
Nigam and Singh [35] classified bio-fuels into primary and secondary ones (Figure I - 
2). The simplest way to use unprocessed solid biomasses (trees, crop residues, 
household or industrial residues,...) which build up the primary bio-fuels is a basic 
open fire used to provide heat for cooking, warming water or warming the air in 
habitations [5]. However, (semi-)industrial use of primary bio-fuels for shaft power or 
electricity production often requires at least physical processing (cutting, chipping, 
briquetting) prior to energetic conversion but it keeps it solid form [5, 35]. 
With technologies that are more sophisticated, biomass can be converted directly or 
indirectly to solid, liquid, or gaseous bio-fuels. Thus, secondary bio-fuels are modified 
primary bio-fuels, i.e. a product of biomass processing [35]. Although carbonaceous 
solid material (= biomass) is difficult to handle, bulky and of low energy 
concentration, its advantage over every other renewable energy source is, that it is 
possible to convert it into liquid fuels with physico-chemical characteristics that permit 
storage, transport and transferability through pumping systems [36]. A classification 
of liquid bio-fuels includes “First”, “Second” and “Third-Generation” bio-fuels. The 
major differences between them are the raw materials used and the technology 
applied for their production (Figure I - 2) [35].  
These liquid fuels have the potential to replace conventional petrol-derived liquid 
fuels (gasoline, Diesel), as they can potentially be used in an equivalent way to 
produce motor power, electricity and in the transport sector. Therefore, in the 
following, focus lies on processes which convert biomass into liquid fuels. 
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1.3.1 First generation bio-fuels 
The “first-generation” liquid bio-fuels are already established in the fuel market [37]. 
They are produced from sugars, starch, grains, or seeds (Figure I - 2). The 





Among the first-generation bio-fuels, bio-ethanol is the most well-known. Enzymes 
from yeast convert six-carbon sugars extracted from crop plants and starch into 
ethanol by fermentation (Equation I - 2) [35]. 
۱૟۶૚૛۽૟ ൅ ܡ܍܉ܛܜ → ૛۱૛۶૞۽۶ ൅ ૛۱۽૛	     Equation I - 2 
The reaction takes place in an aqueous phase, which entails distillation and 
dehydration for reaching the desired ethanol concentration. The obtained bio-ethanol 
can be blended up to 10% with gasoline to run Otto-engines or directly used as fuel 




1.3.1.2 Vegetable oil 
Vegetable oils are obtained by simple pressing of oil-bearing fruits; by-product is the 
press cake containing the solid materials of the pressed fruits. After some purification 
steps (decanting and filtration) vegetable oils can be used in static diesel engines 




Biodiesel is another well-known first generation bio-fuel. It is produced by trans-
esterification of vegetable oils with alcohol, to get light monoester compounds, which 
have almost the same chemico-physical properties as diesel (Figure I - 3). 
 
Figure I - 3: Typical trans-esterification of tri(acyl)glycerides with alcohol into alkyl 
esters (R = CH3 methyl esters or R = CH3CH2 ethyl esters) [38] 
This chemical modification of vegetable oils is one alternative to avoid adapting 





state or in blends with Diesel-fuel even for transportation. Trans-esterification can 
use alkaline, acid, or enzymatic catalysers and methanol or ethanol. It produces fatty 
acid methyl/ethyl esters (FAME/FAEE = biodiesel) and glycerine as by-product [35]. 
 
 
1.3.2 Second generation bio-fuels 
Obviously, the production of “first-generation“ bio-fuels competes with other 
applications which are not part of the energy sector as food production [35, 40]. 
Additionally, liquid “First-generation” bio-fuels only use a very small part of the 
available plant material which results in large residue fractions [35]. Thus, the bio-fuel 
yield per hectare is small. 
The advantage of “Second generation” bio-fuels is the vast range of lignocellulosic 
feedstock, which are either non-edible residues of food crops processing or non-
edible whole plant biomasses (e.g. grasses or trees specifically grown for energy 
production). The use of agricultural by-products limits the direct food versus fuel 
competition associated with “First generation bio-fuels while it can provide additional 
income to farmers without compromising the production of food [41]. Feedstock for 
the production of “Second-generation” bio-fuels can be bred specifically for energy 
purposes, which enables higher production per unit land area, and a greater amount 
of plant material can be converted and used to produce bio-fuels. This will further 
increase land use efficiency [35]. However, the production of “Second-generation” 
bio-fuels is not cost efficient yet due to some technical barriers to be overcome [42].  
“Second-generation” bio-fuels are generally produced by two fundamentally different 
approaches, i.e. biological/bio-chemical or thermo-chemical processing [35]. 
 
 
1.3.2.1 Bio-chemical processes 
In contrast to “first-generation” bio-ethanol production, next-generation feedstock 
types provide the opportunity to use nearly the whole plant. A large variety of 
feedstock containing cellulose and hemicelluloses (grains, tubes, stalks) is available 
for producing ethanol.  
Though more technical efforts are necessary compared to the conversion of starch 
[37, 42]. Prior to fermentation, celluloses and hemicelluloses of lignocellulosic 
biomasses have to be converted to C5 and C6 sugars. Lignin encloses the cellulose 
and hemicelluloses molecules, making them difficult to reach. The most common 
type of cellulose/hemicelluloses to ethanol conversion is sulphuric acid hydrolysis 
[37]. However, there is no commercial production yet. An energy intense drawback is 
the distillation of the obtained ethanol/water mixture which forms an azeotrop at 95% 
[43] ethanol in water. For blending with gasoline, purities of 99.5-99.9% are required. 








1.3.2.2 Thermo-chemical processes 
Thermo-chemical processes demand ruder process parameters, i.e. higher 
temperatures (and pressures), compared to bio-chemical processes but they are 
more flexible concerning the feedstock [35] and faster. Four main processes are 
used for the thermo-chemical conversion: direct combustion, gasification, pyrolysis, 
and liquefaction (Figure I - 4) [42, 44].  
 
Figure I - 4: Main processes, intermediate energy carriers and final energy products 




Gasification is the conversion of a carbonaceous feedstock (biomass, char, coal) via 
partial oxidation with oxygen, air or steam at high temperatures (1300°C in non-
catalysed, 800-900°C in catalysed processes) into a gaseous energy carrier 
consisting of permanent, non-condensable gases (CO2, CO, H2, CH4 [42, 44-46]). 
Although the development of biomass gasification processes profited from 
knowledge of coal gasification, processes are not entirely comparable [45]. Biomass 
gasification results in a low calorific value gas (about 4–6 MJ/mN3 [44]) which can be 
used as fuel for stationary gas engines and turbines [44, 45]. When the product gas 
should be used as feedstock (syngas), it serves for the production of bulk chemicals 




Pyrolysis is the conversion of organic material by heating it in inert atmosphere. 
Biomass pyrolysis products are divided into a solid and a gaseous fraction. The 
gaseous fraction consists of continuous gases, condensable organic vapours giving 
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Figure I - 5: Products of pyrolysis processes (adapted from [44]) 
 
By modifying operating conditions like final temperature, heating rate and residence 
time, relative fractions of char, pyrolysis oils, and fuel gases can be favoured [47]. 
Slow pyrolysis, named after the applied slow heating rate (1-5°C/minute) and very 
long residence times (hours - days), is appropriate [48] if the solids are the target (up 
to 35% char [49]). Therefore, slow pyrolysis is also called carbonisation [50]. In 
developing countries, charcoal is still widely used by rural and urban population due 
to its smokeless combustion compared to wood. In developed countries, charcoal is 
used as barbeque fuel. In industrial scale charcoal is used as raw material for 
activated carbon production [48] and as reducing agent in metallurgy [51].  
When temperature and residence time are rather high the production of pyrolysis gas 
is favoured [48] which could be used in gas turbines for the production of electricity or 
as feedstock for synthesis. 
Flash pyrolysis is a high technology process which gives high yields of liquids [52]. 
The name flash pyrolysis is deduced from the essential features [4, 53]: 
- Very high heating and heat transfer rates requiring finely ground biomass feed; 
- Carefully controlled temperature of around 500°C; 
- Rapid mass transfer from the inside of the particles to the surface; 
- Rapid mass transfer from the hot reactor to the cold trap and there rapid 
quenching of the pyrolysis vapours to give the pyrolysis product. 
Although the obtained liquids cannot be utilised in vehicle motors without further 
upgrading, the attractiveness of flash pyrolysis lies in transformation of bulky and 
unhandy material to liquid fuels [54] whose energy density is higher than of initial 
biomass. The produced dark brown organic liquids have a higher energy density 
compared to gas and parental solids, they are easier to transport, store and flexible 
in use [55]. Additionally, they can be used in already existing facilities like boilers and 
mixed with fossil fuels in stationary diesel engines and turbines [4, 55]. Co-refining 
with conventional fossil fuels is another way of pyrolysis oil usage [56]. 
In spite of its advantages, flash pyrolysis is still in an early stage of development 
compared to combustion, gasification, and charcoal production [53]. 
 
 
1.3.2.2.3 Liquefaction/hydrothermal upgrading 
Liquefaction is the process with which biomass compounds are converted into 
fragments of light molecules, often in the presence of a catalyst by reaction with 







Up to 70% 










pressure (7-20 MPa) and high temperatures (550-650 K) [58-60]. These conditions 
demand high energy input making the process not economically viable; no industrial 




Analogically to traditional refineries, which convert fossil crude oil to energy, fuels 
and chemicals, bio-refineries use biomass as feedstock to do the same [61]. The 
ambition of a bio-refinery is to use and convert all parts of a plant to valuable 
products by reducing the amount of waste products and increasing the economic 
effectiveness of the biomass source [61]. Consequently, a bio-refinery is a facility that 
integrates biomass conversion processes and equipment to produce fuels, power, 
and chemicals [12]. The bio-refinery system includes biomass production, biomass 
transformation/processing, and end use and combines the “First” and “Second 
generation” bio-fuel production [42]. 
 
 
1.4 Conclusion on biomass conversion processes 
It has been shown in this chapter that biomass is a promising resource for the 
production of energy and liquid energy carriers, which can be used as substitute for 
fossil fuels. Among the different processes “Second generation” bio-fuels seem to be 
more reasonable, on the one hand, due to their potential to convert the whole plant 
as such and not only a small part whose energetic valorisation would additional be 
competitive to food production in most cases. On the other hand, “Second 
generation” bio-fuel production can be applied to unexploited residues from 
agriculture and agro-alimentary industry which would affect positively on the 
valorisation chain of the plant and create supplementary income for farmers. 
However, bio-chemical processes take place in water, which is not abundantly 
available in the Sahel region. Thus, thermo-chemical processes seem to be most 
reliable. Syngas produced by gasification would require the utilisation and synthesis 
where biomasses are produced. Thus, decentralised small-scale flash pyrolysis 
might be advantageous over gasification (and liquefaction) as pyrolysis oils can be 








2 Biomasses available for energetic applications in 
Burkina Faso and West Africa 
At present, fuel wood is the main energy resource in sub-Saharan Africa. 70 to 75% 
of the rural population rely on traditional biomass as their only energy resource [62, 
63]. The intense use of fuel wood (500 kg per capita and year in Nigeria [64]) for 
cooking, water heating, and generation of warmth has negative environmental effects 
(deforestation and desertification of Savannah land). 
Although forests and single trees should generally be regarded as precious, natural 
vegetation is widely inefficiently used [65]. The resources for wood fuel and charcoal 
are strongly exploited and particularly threatened in West Africa [65]. Thus, there is a 
need to find other sources for energy supply. To contribute to secure energy supply, 
to decrease oil importations, to alleviate deforestation [66] and to avoid the dilemma 
‘food or bio-fuels’ [67] a sustainable energy recovery system from biomass should be 
based on residues and unexploited by-products from agriculture and agro-
alimentation industry.  
For reasons of simplicity, detailed data concerning the availability of biomasses for 
energetic applications in West Africa were collected only for Burkina Faso, as the 
university, where this thesis was principally carried out, is located in its capital, 
Ouagadougou. The contents of the following sections are the choice of the 
biomasses on which further investigations are focused on, the estimation of their 
availability potential in the sub-region and a description of the valorisation chain as 
well as a description of the selected biomasses from the chemical point of view. 
 
 
2.1 Biomass selection based on availability study in Burkina Faso 
Traditional methods of farming in West African countries are based on permanent 
and temporary intercropping, livestock and mixed farming [68]. Most countries are 
characterised by smallholder subsistence farming [66]. The fields are small (3-6 ha 
[69]) and yields are low [66]. Thus, the yields and the mobilization potential of by-
products are limited, which makes economic recovery difficult. 
The agriculture and livestock-breeding sector is essential in the burkinabé society. It 
concerns 86% of the population. Agriculture contributes to 25% to the gross domestic 
product [69]. Major agricultural products of Burkina Faso are cereals (sorghum, 
millet, maize, and rice), sugar cane, cowpeas and groundnuts as well as cottonseed 
(Figure I - 6).  
The generation of the noble products sets free a row of by-products, which might 
serve as a feedstock for energetic valorisation. An exhaustive availability study on 
these residues from agriculture and agro-alimentation industry was carried out which 
can be found in Annexe 1. The most important cultures and their by-products were 
identified. The quantities of the later were estimated by applying residue-to-product 
ratios. In reality, not all produced by-products are available for energetic applications 
due to other competing utilisations. Mobilisation often is difficult as the by-products 






Figure I - 6: Top agricultural production in Burkina Faso in 2009 [70] 
 
Therefore, residues from agro-industry are potentially interesting for energetic 
valorisation. The production of vegetable oil from oil-bearing fruits sets free a row of 
by-products. Press cakes often are valorised because of their high nutritive value 
(residual fats and proteins). However, jatropha and shea press cakes are not suitable 
as such and therefore available for energetic valorisation.  
Cashew nut shells (CNS) should also be taken into account in the following as the 
valorisation of the mesocarp liquid (CNSL) is not yet economic in West Africa and the 
CNS are not valorised. As a woody reference, rubber wood has been selected due to 
the availability of rubber wood when caoutchouc plantations are cut down (see 2.3.4). 
 
 
2.2 Availability of the selected biomasses in the sub-region 
The estimation of biomass production, especially if by-products or residues are focus 
of interest, is not easy as data are not accessible or not existent. This chapter aims to 
calculate production of the selected biomasses based on official and semi-official 
data in Burkina Faso and the neighbouring countries, namely Mali, Niger, Benin, 




To get a first idea of the overall production of the selected biomasses in each 
country, data were collected from which residues estimates seemed to be possible. 
Main source for cashew and shea was the home page of the Food and Agriculture 
Organization of the United Nations (FAOstat). As jatropha is not a comestible 
commodity, FAO does not furnish data. Thus, claimed cultivated area was used to 





The assumption, that all produced cashew, shea and jatropha nuts were processed 
in the country of origin by (semi-)industrial facilities, delivers the theoretical waste 
potential WPt. It is known for cashew and shea nuts that large quantities are not 
processed in the country of origin but exported. Thus, in a second step, capacity data 
of presently installed (semi-)industrial facilities were acquired. By assuming that 
these are working at 100% of their capacities the waste potential WP100% was 
calculated. Because of mainly economic constraints, these facilities do only work at a 
fraction of their potential. In a last step, data on the actual production of the installed 
facilities were collected to get more accurate information of the present annual 
production (= actual waste potential, WPactual). 
Waste potentials can be estimated with the help of residue-to-product ratios (RPR). 
For the selected biomasses, these were not available from literature and therefore 
were calculated. By assuming certain simplifications the three-scaled waste potential 
(WPt, WP100%, WPactual) for each biomass and each mentioned country are calculated. 
A detailed description of methodology and data can be found in Annexe 2. 
 
 
2.2.2 Results of the availability study 
In Table I - 2 the calculation results described above and in Annexe 2 can be seen. 
For jatropha only the WPt is given as it is assumed that jatropha is cultivated to 
deliver jatropha vegetable oil as liquid fuel for the local energy market without 
exportation. During the last years, due to increasing interest in jatropha as fuel in 
form of crude vegetable oil or as bio-diesel, jatropha plantations are increasing all 
over Africa. 
One can see for cashew and shea the large discrepancy of theoretical and actual 
waste output potential. The installed capacities are not yet capable to transform all 
the nuts produced. Only the Burkinabé cashew transformation capacity installed 
exceeds annual production. Political efforts aim on the local transformation of cashew 
nuts to increase exportation income by being capable to sell the final product. Shea 
butter production and exportation will increase too, but shea clients often prefer to 
buy the nuts to assure quality standards in processing and handling. 
 
Table I - 2: Waste potential of the selected biomasses in West Africa 
Country Cashew nut shell [103 t/yr] Jatropha cake [103 t/yr] Shea cake [103 t/yr] 
 ܹ ௧ܲ ܹ ଵܲ଴଴% ܹ ௔ܲ௖௧. ܹ ௧ܲ ܹ ௧ܲ ܹ ଵܲ଴଴% ܹ ௔ܲ௖௧. 
Benin 59.7 1.53 1.05 9.68 8.15 7,5 1.75 
Burkina Faso 3.6 9.00 1.45 74.62 33.2 16.5 3.75 
Ghana 21.0 2.83 0.25 24.16 42.66 35.0 2.05 
Ivory Coast 276 20.35 6.64 34.08 19.13 5.0 1.25 
Mali 2.2 0 0 3.46 128.0 25.0 12.0 
Niger 0 -- -- 0.09 0 -- -- 
Togo 0.6 2.1 N/A 23.81 6.67 7.5 1.88 
 
However, increasing production is a proof for the relevance of the choice of these 
biomasses. Their availability will increase in future even if the potential is difficult to 





2.3 A closer look to the selected biomasses 
West African biomasses, potentially available for energetic applications, have been 
selected. This chapter explains the valorisation processes of each plant including the 
reference, rubber wood, with the aim to point out the appearance of the by-products. 
 
 
2.3.1 Valorisation chain of cashew nuts (Anacardium occidentale) 
The cashew fruit is shown in Figure I - 7. Cashew transformation can be carried out 
in three different ways: traditional/artisanal, semi-industrial and industrial. Traditional 
cashew transformation is essentially manual and should not be focus of interest here. 
In semi-industrial and industrial scale, cashew processing is dominated by the Indian 
example in West Africa (Burkina Faso, Ivory Coast, Benin, Ghana) [71-74]. 
 
 Figure I - 7:  The cashew fruit with apple and nut; as pictogram and a cross section 
of the cashew nut [75-77] 
 
The processes are similar and differ only in degree of mechanisation [78]. After 
sorting the nuts into categories, they are weakened under a steam atmosphere. It 
follows the shelling (hand or foot operated) which delivers the main by-product of 
cashew nut production, the cashew nut shells (CNS). Last step before weighing and 
packaging is removing the testa, a second by-product [71] of minor importance due 
to its relatively small quantities (Figure I - 8). These processes lead to the final 






Figure I - 8:  Semi-industrial process vs. industrial process of cashew production 
(adapted from [78]) 
 
 
2.3.2 Valorisation chain of jatropha nuts (Jatropha curcas L.) 
Jatropha is widespread throughout the tropics and sub-tropics, also in Asia. Due to 
its ability to grow on poor soils and its low demand in rainfall, it could be exploited for 
oilseed production in dry regions [79]. The jatropha fruit consists of a shell (pericarp) 
which contains three to four seeds composed of an inner kernel and an outer husk or 
seed coat (Figure I - 9). 
Semi industrial process Industrial process 
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Figure I - 9:  Jatropha fruits at different state of maturity [80], jatropha plant parts [81] 
 
West African jatropha oil production is based on mechanical pressing. Prior to oil 
extraction, the seeds have to be cleaned from impurities and dried. Sun dried 
jatropha seeds contain about 25% [39] to 37% [82] vegetable oil depending on 
climatic condition, the use of fertilizer etc. 
In function of the performance of the press, 80-95% of this oil can be pressed out. 
The solid residue, jatropha press cake, is the main by-product of this process. To 
obtain a good quality, the crude oil must be decanted and filtered (Figure I - 10) [83]. 
 
 
Figure I - 10: Production of jatropha oil (adapted from [83]) 
 
 
2.3.3 Valorisation chain of shea nuts (Vitellaria paradoxa) 
Within the edible sweet pulp of the shea fruit, there are one, two, and sometimes 
three pits, each consisting of a whitish almond, protected by a thin and hard shell 
with beige to brown dark colour. After drying, 50 % of the mass of the kernel consist 
of fatty material (Figure I - 11) [84]. 
 
 
Figure I - 11: Shea fruits in pulp, shea nuts [81], shelled shea nuts [85] 
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Traditional, semi-industrial, and industrial processes produce shea butter. Shea 
butter obtained by the traditional way is mainly destined to local consumption [86]. 
The process should not be of interest here. 
Semi-industrial shea butter production by mechanical extraction is the process mainly 
applied in Burkina Faso. First, shea nuts are sorted, cleaned, the fruit flesh and the 
shells are removed. The shea kernel is crushed in order to obtain a paste, which will 
be directed towards the next stages of the extraction. Two processes are possible: 
- During cold pressing, a press extracts oil at a temperature lower than 80°C. The 
disadvantage of this process is that the oil cakes content of fat is still high. 
- During hot pressing, shea almonds are preheated to a temperature of 90-100°C, 
and then introduced into a screw press. By-product is the shea cake. 
The oil obtained by mechanical pressing must be refined (neutralization, 
discoloration, deodorization, fractionation, hydrogenation, degumming, …) in order to 
be usable [86]. Figure I - 12 resumes the main parts of industrial processing of shea. 
 
 
Figure I - 12: Production of shea butter 
 
 
2.3.4 Valorisation chain of rubber wood (Hevea brasieliensis) 
The rubber tree is grown in tropical regions because rubber is made from the latex in 
its bark. Worldwide, latex demand is increasing as it is used in the tires of bicycles, 
motorcars, and airplanes; for soles of shoes; etc. 
The current timber stock of rubber plantations is already over 12 million m3 annually 
worldwide [87]. In Africa, Ivory Coast (231451 t/yr, 2011), Nigeria (143500 t/yr, 2011), 
Liberia (63000 t/yr, 2011) and Ghana (15000 t/yr, 2011) are the main producers of 
natural rubber [70]. The Ghana Rubber Estates Ltd currently has 13.093 ha planted 
with rubber [88]. 
Plantation preservation generates considerable amounts of residues [89]. 
Additionally, rubber wood plantations are regularly (25-35 years) cut down due to a 
decrease in latex yield [87, 89]. Since 2001, annually about 1500 ha of rubber wood 
plantations are cut down in Ivory Coast [90]. When old rubber tree plantations are 
cut, in Ivory Coast, 190 m3 of biomass in general and 80 m3 of timber in particular 
can be won per hectare [90]. Formerly, the logs were left on the plantations where 
they rotted unused. Today, they are mostly transformed to timber [87]. Timber 
production in saw mills results in 15% losses (saw dust) [91] which results in 
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2.4 Chemical composition of selected biomasses 
The choice of the right process and its development for the production of biomass 
derived fuels (and chemicals) depends strongly on the chemical structure and major 
organic compounds of the feedstock [10]. The following paragraphs aim to describe 
elemental and macromolecular composition of the selected biomasses. Additionally, 
proximate analysis as a tool to estimate thermo-chemical decomposition behaviour is 
presented which gives information on moisture, ash, (minimum) fixed carbon (FC) 
and the (maximum) volatile matter (VM). 
 
 
2.4.1 Chemical composition of cashew nut shells (CNS) 
The particularity of CNS, compared to other nut shells but also to lignocellulosic 
biomass, consists of their special structure. Between a leathery outer skin (epicarp) 
and a thin hard inner skin (endocarp), combined through a honey-comb matrix, there 
is an organic liquid, the cashew nut shell liquid (CNSL) (Figure I - 7) [77, 92]. 
The CNSL makes up 25-30% [93] of the shell and is a mixture of alkenylphenolics 
[92] (Figure I - 13) with a reddish-brown appearance. CNSL protects the inner kernel 
against insects and has an irritating effect to human skin [93]. CNSL is a renewable 
raw material with a wide range of useful commercial applications in green chemistry 
[94-96]. Therefore, several studies have been carried out aiming on the extraction of 
the organic liquid from the shells [97-99].  
The natural composition of CNSL is anacardic acid (46-65%); cardol (15-31%); 
cardanol (10-22%) and traces of methyl-cardol [98]. Anacardic acids are thermally 
unstable. Thermal stress, caused by a temperature rise during pressing or at 
elevated temperatures during solvent extraction, changes composition due to 
decarboxylation of the acids to favour cardanols (and polymerisation) [93]. 
Although the price for CNSL is increasing recently [100], its high heating value (40 
MJ/kg) motivated researchers to study CNSL as Diesel substitute [101-103]. 
 
 Figure I - 13: Chemical structures of some of the aromatic compounds contained in 





In Asia, extracted CNS or CNS cakes are used as direct fuels in cashew nut 
processing [104, 105]. In Africa, none of these potential applications have been 
reported yet. Therefore, presently, CNS are available for energetic use. With further 
economic/infrastructural development, CNS cake becomes available. Table I - 3 
sums up elemental composition, HHV and proximate analyses of CNS and their 
cake. 
Differences in the elemental composition of CNS might be explained by different 
CNSL contents, which were not reported. The elemental composition of CNSL is 
C:H:O = 80:12:8 (wt%), which has a significant influence on elemental composition of 
different samples. The high carbon content of CNSL increases the H:C ratio which 
indicates better energy values [106], confirmed by HHV superior to wood. 
The varying content of CNSL probably is the main reason for differing results of 
proximate analyses. However, the values for VM, FC and ash are comparable with 
those from wood. Ash contents are slightly higher as it has been reported for other 
nut shells like hazel nut (1.3% [107]), jatropha shell (3.0% [108]) and ground nut shell 
(5.9% [109]). Mohod et al. [110] did not clearly specify what “de-oiled” will mean, the 
residual amount of CNSL is not given.  
The macromolecular compositions of CNS or CNS cake have not been reported yet. 
 
Table I - 3: Elemental composition, HHV and proximate analyses of cashew nut 
shells [wt%] 
 Wilson 
et al. 1 
[106] 
Wilson 























C 56.0 56.6 58.3 45.7 48.7 46.1    
H 6.9 7.0 7.0 3.7 7.0 3.9    
N 0.4 0.5 0.7 0.2 0.4     
O 34.7 33.6 32.0 44.6 44.0 40.0    
HHV* 22.4 22.8 24.1 17.8+  21.2 20.4 17.8 17.8 
%VM 84.1 84.8 81.8 79.0 77.4  77.0 79.5 77.3 
%FC 14.0 13.1 16.3 14.8 21.5  21.9 18.9 21.5 
%Ash 1.9 2.0 1.9 5.9 1.1  1.1 1.5 1.1 
*...[MJ/kg], +... LHV 
 
 
2.4.2 Chemical composition of oil-bearing fruits and press cakes 
The macromolecular composition of oil-bearing fruits and their press cakes differ 
considerably from wood. Additional to lignin, cellulose and hemicelluloses, oil-bearing 
fruits contain mainly proteins and vegetable oil. To determine the protein 
concentration in a given biomass a nitrogen-to-protein conversion factor is used 
assuming that all nitrogen from elemental analysis is bound in proteins (ignoring the 
existence of free amino acids, polypeptides, alkaloids [32]). Historically, a general, 
but inaccurate, nitrogen-to-protein conversion factor of 6.25 was used which imposed 
that nitrogen content in proteins is equal to 16 wt% [33, 34]. Figure I - 4 sums up 






The reported compositions differ widely in between different references. On the one 
hand, macromolecular composition and oil content depend on climatic conditions, soil 
parameters, use of fertiliser, etc. Jatropha, for example, is a wild plant with almost no 
crop improvement yet. Thus, seed yields, oil quality and content are highly variable 
[79, 118].  
On the other hand, different methodologies to determine macromolecular 
composition might lead to varying results [119]. Often the purpose of the study is 
crucial. If the study deals with digestibility of a biomass sample, especially press 
cakes of oil-bearing fruits; it is more common to give ‘fibre contents’ [120, 121]. The 
actual definition of ‘fibre’ depends on the applied method resulting in many different 
fibre analyses. Chemically, fibres are a variable mixture of cellulose, hemicelluloses, 
some pectins and lignin, with indigestible proteins and lipids [122]. Neutral detergent 
fibre includes hemicelluloses, cellulose, and lignin while acid detergent fibre includes 
cellulose and lignin only [123]. Thus, analysis results are not always comparable. 
 
In the domain of biomass energy, researchers seem not to be conscious of these 
facts and ignore interferences of different macromolecules, especially protein, during 
different analyses steps. This leads authors to document jatropha cake composition 
in a very inaccurate way, i.e. not considering proteins: 
- Atong et al.: physic nut waste after oil extraction contains lignin 24.6%, 
cellulose 54.6%, hemicelluloses 20.8%, [124]; 
- Gottipati and Mishra: lignin 23.79%, cellulose 15.31%, hemicelluloses + 
others 60.9 [125]; 
- Sricharoenchaikul and Atong: lignin 23.9%, cellulose 56.3, hemicelluloses 
17.5%, other 2.3% [126]; 
 
For jatropha cake samples it is also of importance to mention whether the oil 
extraction was carried out on seeds or de-shelled kernels (= almonds). Small-scale 
jatropha oil production commonly uses whole seeds, thus, the press cake is a 
mixture of kernel material and shells with residual amounts of oil [108]. Only in large 
processing plants, it becomes rentable to remove shells, which constitutes 40 
percent of the seed weight [79]. The shell itself is principally composed of cellulose, 





Table I - 4: Macro-molecular composition of jatropha and shea samples [wt%] 
 
NDF = neutral detergent fibre; ADF = acid detergent fibre; ADL = acid detergent lignin 






































































































































































































































































Detergent soluble fibre 47.1
 
74 
As for any other biomass, the elemental composition of a given biomass sample 
depends on its macromolecular composition. As shown (Table I - 1) the elemental 
composition of celluloses and hemicelluloses is almost equal. Differences in 
elemental composition of wood depends to a large extend on the lignin content. 
Compared to wood, the most important difference of seeds (and press cakes) is their 
protein and oil content, which changes considerably the elemental composition 
(Table I - 5). 
 
Table I - 5: Elemental composition of jatropha and shea samples [wt%] 
 C H N O (by diff.) Residual oil Ref. 
Jatropha seed 55.8 8.5 5.0 23.6  [144] 


































































It is worth noting, that oxygen content often is calculated by difference ignoring the 
elevated ash content in seeds and especially cakes. Thus, for some cases the 
oxygen content might be overestimated. Proteins and vegetable oils consist of 
considerably more carbon than cellulose and hemicelluloses. The average elemental 
composition of proteins is about 56% carbon, 7% hydrogen, 19% oxygen, 16% 
nitrogen and 2.7% sulphur [150]. The higher the amount of proteins in a biomass 
sample, the higher the carbon and the higher the nitrogen content.  
Ndiaye reported the elemental composition of jatropha oil to be 77.7% C, 11.7% H, 
11.3% O and 0.6 N [144]. The higher carbon content in vegetable oil raises 
significantly the carbon content of the seeds. The residual amount of oil in a press 
cake changes its final composition as well, which might be the explanation for the 
differences found in literature. 
The elemental composition of vegetable oils does not differ significantly but depends 
on their individual structure. Vegetable oils are tri(acyl)glycerides, i.e. tri-esters of the 
tri-alcohol glycerine and three different fatty acids. Fatty acids are long-chain linear 
organic acids with no (saturated), one (mono-unsaturated), two (di-unsaturated) or 
three (tri-unsaturated) double bonds. A fatty acid profile describes the distribution of 
the fatty acids in a given vegetable oil (Table I - 6). 
The main difference between jatropha and shea oil is the degree of saturation. 
Vegetable oil from shea is a saturated vegetable oil (iodine number 5-50) while 
jatropha oil is a mono-unsaturated oil (iodine number 50-100) [151]. The higher 
amount of saturated fatty acids in vegetable oil from shea leads to the effect that it is 





Table I - 6: Fatty acid profile of jatropha and shea vegetable oil [%] 
 Jatropha oil Shea butter 
Fatty acid [132] [151] [152] [134] [151] [153] 
Caprylic (C8:0)    0.23   
Capric (C10:0)    0.15   
Lauric (C12:0)    0.33   
Myristic (C14:0) 0-0.1   0.23   
Palmitic (C16:0) 14.1-15.3 16 12.2 3.55 4-7 6.5-8.1 
Palmitoleic (16:1) 0-1.3      
Stearic (C18:0) 3.7-9.8 6.1 16.8 44.44 40-46 28.7-30.9 
Oleic (C18:1) 34.3-45.8 37 13.0 42.41 43-48 55.0-57.7 
Linoleic (C18:2) 29.0-45.8 40 49.8 5.88 4-5 6.2-7.8 
Linolenic (C18:3) 29.0-44.2   1.66  6.2-7.8 
Arachidic (C20:0) 0-0.3  5.0  1-1.5 0.7-0.9 
(C20:1)   2.0    
Behenic (C22:0) 0-0.2  0.6    
 
Proximate analyses results of jatropha and shea samples are given in Table I - 7. 
Although seeds contain highly volatile extractives, i.e. triglycerides, their VM and FC 
contents are in the same order of magnitude as for wood. However, higher HHV 
compared to wood indicate the presence of triglycerides (HHV of jatropha oil = 39.5 
[82]). The ash content in seeds and cakes is considerably higher compared to wood. 
Press cakes contain significantly lower contents of VM compared to seeds due to the 
lower content of volatile triglycerides and due to densification during pressing. 
Decreasing vegetable oil content compared to seeds logically lowers HHV too. 
 
Table I - 7:  Proximate analysis of different seeds (on dry basis) [wt%] 
 VM FC Ash HHV Ref. 





























































Shea nut    20.7-21.6 [135] 





















2.5 Conclusion on selection and chemical composition of 
biomasses – process choice 
In this chapter, it has been shown that West African countries produce numerous 
unexploited residues from agriculture and agro-industry. As by-products from 
agriculture are not easy to mobilise due to their scattered abundance residues from 
agro-industry were selected for this study, i.e. cashew nut shells and their cake, 
jatropha cake and shea cake. The importance of energetic valorisation of these 
residues is given as they are usually dumped so far. Additionally, the increasing 
production of cashew nuts, jatropha oil and shea butter will result in higher residue 
quantities in the future. 
Given the solid texture of the selected biomasses, processes for the production of 
“Second-generation” bio-fuels have to be applied. Among those, thermo-chemical 
conversion processes are more adapted to the dry Sahel region as bio-chemical 
processes require large amounts of water. 
In contrast to lignocellulosic materials, the selected biomass residues contain high 
amounts of extractives. Even though their chemical nature is different, these 
extractives are responsible for several drawbacks in direct combustion applications, 
in particular in open fireplace or domestic systems: low combustion efficiency in spite 
of rather high calorific value [117]; release of unhealthy smoke and soot deposits in 
closer environment [110, 113]. The reason for such a smoke release is probably that 
CNSL or triglycerides evaporate or decompose into volatile compounds and are only 
partially degraded but not completely oxidized, which would imply that extractives 
have a different thermal behaviour than lignocellulosic biomass. 
Other thermo-chemical conversion processes like gasification and pyrolysis might be 
an alternative valorisation pathway. Main drawback of biomass gasification 
processes is the formation of condensable organic compounds during the pyrolysis 
phase. These hinder the optimal valorisation of the gas produced [9]. The presence 
of easy evaporating organic compounds in biomass would certainly aggravate this 
phenomenon. In contrast, flash pyrolysis processes whose objective is the formation 






3 Flash pyrolysis for the production of liquid fuels from 
extractive rich biomasses 
This chapter aims to introduce to flash pyrolysis installations for pyrolysis oil 
production, their characterisation, and application possibilities. A detailed overview 
over pyrolytic decomposition of main biomass constituents as well as the extractives 
(CNSL and vegetable oil) and the selected biomasses is given. Handling difficulties 
linked to the multiphase structure of pyrolysis oils are discussed and some 
possibilities to up-grade and stabilise pyrolysis oils are presented. 
 
 
3.1 Process principle 
Flash pyrolysis is a high temperature (450-500°C) process in which biomass 
feedstock is rapidly heated (> 1.000°C/s), vaporised, and condensed to a dark brown 
mobile liquid. The universal aim of reactor configurations is to develop conditions 
where the energy content of the parental material is concentrated in the liquid 
fraction. An overview on reactor configurations is given in Annexe 3. The reactor 
configurations mostly used are fluidised beds where char is carried over with the 
vapour/gas stream. They are easy to scale up; continuous operation is one of the 
advantages [154-158]. 
Typical elements (see also Annexe 3) of a flash pyrolysis reactor configuration are 
shown in Figure I - 14. Such an installation contains biomass pre-treatment (drying, 
milling), the reactor (here a fluidised bed), the separation of char and the pyrolysis oil 
condensation system [159]. The later, here is a combination of a quench which can 
be carried out with finely dispersed cold pyrolysis oil or an organic liquid which is not 
miscible with the pyrolysis oil. The electrostatic precipitator is a trap for fine aerosols. 
In flash pyrolysis processes in industrial scale (as shown in Figure I - 14), 
incondensable gases might be burnt to deliver either heat for biomass pre-drying or 
to pre-heat the fluidising gas. In such kind of installation char is an energy-rich by-







Figure I - 14: Fast pyrolysis process principle (adapted from [159]) 
 
 
3.2 Pyrolysis oils 
Because of their dark brown appearance the free flowing pyrolysis liquids from 
biomass are called biomass pyrolysis oil, pyrolysis oil, or bio-oil [160] even though 
they differ considerably from petrol oil and vegetable oil in terms of chemical 
composition and physical properties [161]. 
 
 
3.2.1 Composition of pyrolysis oils 
Chemical composition (and physico-chemical characteristics) of pyrolysis oil depend 
predominantly on [52, 162] 
- The parental biomass (macromolecular composition, particle size/shape, 
moisture and ash contents) 
- The process (reactor type) 
- The conditions (temperature, heating rate, residence time, pressure, 
gaseous environment) 
- The recovery system (filter type, condensing method/medium, cooling 
rate) 
As described in more detail in chapter 3.3, the decomposition of the bio-
macromolecules (mainly cellulose, hemicelluloses and lignin) lead to a complex 
mixture of different size organic compounds [160]. The most abundant single 
compound in pyrolysis oils is water (20-25% [52]; 15-30 % [160]). It originates from 





of (polar) organics and water [52], in the most ideal case a (pseudo-)homogeneous 
emulsion. The organic parts of pyrolysis oil consist of hundreds of compounds (300 
[163] to 400 [164] of which have been identified) in low concentrations: acids, 
alcohols, ketones, aldehydes, phenols, ethers, esters, sugars, furans, nitrogen 
compounds and multifunctional compounds. Protein rich biomasses are expected to 
produce pyrolysis oils rich in organic nitrogen compounds [164]. 
The elemental composition of pyrolysis oil is different from petroleum derived fuel 
[160]. Pyrolysis oils have a high content in oxygen (usually 35–40%) leading to a 
lower energy density (50% compared to diesel). Due to the high oxygen content 
(hydroxyl, carboxylic; aldehyde etc. groups) pyrolysis oils are hygroscopic, highly 
oleophobic and acidic (pH < 3) [160, 165]. Pyrolysis liquids furthermore contain solid 
particles (char, 0.2-1% [160]) which were entrained with the vapours [52]. 
 
 
3.2.2 Physico-chemical properties of pyrolysis oils 
The physico-chemical properties of flash pyrolysis oils are hardly comparable to 
those of diesel or gasoline: 
- Compared to conventional fuel oil with a HHV of 42-44 MJ/kg the HHV of 
pyrolysis oils is low (about 17 MJ/kg from straw to 20 MJ/kg from wood and 
agricultural residues) [4, 160]. Pyrolysis oils from oil-bearing fruits and cakes 
usually have a higher heating value (35 [166] to 40 [167] and about 30 MJ/kg 
[168, 169] respectively). 
- Pyrolysis oils do not have a single boiling point but a wide range of boiling point 
temperatures (<100 to 250-280°C). Due to their thermal instability pyrolysis oils 
are not distillable. During slow heating some components with reactive 
functional groups tend to polymerise which leads to a solid distillation residue of 
about 35-50% [160].  
- The density of biomass pyrolysis oils typically is around 1.2 kg/l (poplar 1.2 kg/l 
[161], maple and oak 1.23 kg/l [161], softwood bark 1.19 kg/l [170]). 
- Viscosity is an important fuel property for pumping, atomisation and injection 
[161, 171, 172]. The viscosity of pyrolysis oils differ in a wide range (hard/soft-
wood 13-80 cSt [162], 25-1.000 cSt at 40°C [173], 5-350 mPas [160]) 
depending on the average molecular weight (370-1.000g/mol [163]) which 
directly depends on the pyrolysis process used. The presence of water might 
seem disadvantageous as it lowers the heating value and flame temperature in 
combustion, but on the other hand, it reduces the viscosity and enhances the 
fluidity, which facilitates atomization and combustion of pyrolysis oil in an engine 
[16, 160, 161]. Pyrolysis liquids from wood are Newtonian; their viscosity does 
not depend on an imposed shear rate. Thus, kinematic viscosity is applicable 
[161, 174]. However, if the pyrolysis oil is a non-Newtonian liquid, which means 
that the viscosity depends on the shear rate, the knowledge and the modelling 
of rheological behaviour will become necessary. This, for example, is the case 






The main problem with pyrolysis oils is storage stability. Pyrolysis oil is not a product 
of thermodynamic equilibrium. The chemical composition of the pyrolysis oil tends to 
change toward thermodynamic equilibrium during storage [160, 163, 164] due to 
strong acidity and high oxygen content. The instability of pyrolysis oils can be 
described as [163]: 
(1) A slow increase in viscosity during storage; 
(2) A fast increase in viscosity by heating and 
(3) Evaporation of volatile components and oxidation in air. 
Problems linked to storage of pyrolysis oils is closer discussed later (see 3.4). 
 
 
3.2.3 Application of pyrolysis oils 
Pyrolysis oil applications can be distinguished to energetic and chemical uses. Figure 
I - 15 gives a basic overview for possible pyrolysis oil applications. 
 
Figure I - 15: Application alternatives for pyrolysis oils from biomass [159] 
 
Pyrolysis oils can serve as a raw material in chemical industry [159, 173]. The watery 
phase is used for the production of “liquid smoke” serving as conservation, flavour 
and colouring substance for flesh, sausages and cheese [159, 164]. Unmodified, 
complete pyrolysis oil can partly replace phenol or formaldehyde as binders for 
chipboards. The chemical conversion with nitrogen containing compounds produces 
fertilizers with delayed disposal of nitrogen. 
From the energetic point of view, pyrolysis oils might be used as a substitute in static 
applications including boilers, furnaces, engines, and turbines [159, 172, 173, 175]. 
Although they have high water content, they can be used as heavy fuel oils if 
adapted liquid spray diffusers and burning parameters are chosen. The direct 
utilization of pyrolysis oils in stationary Diesel-engines or gas turbines for power 
generation is possible where char and ash content might be problematic (life-time 
























3.3 Pyrolysis of biomass constituents and biomass 
The use of extractive rich biomasses in flash pyrolysis applications requires the 
understanding of pyrolytic decomposition of the constituents of these biomasses 
(solid matrix plus extractable material). As described above (see 2.4), the selected 
biomass differ from woody biomass in terms of macromolecular and elemental 
composition. Additionally to cellulose, hemicelluloses and lignin, nuts and seeds 
contain storage molecules as lipids, proteins, starch, etc. Studies often are based on 
the understanding of the pyrolysis behaviour of single compounds. It is interesting to 
apprehend how these are going to decompose during a (steady) rise in temperature. 
Therefore, it is useful to determine the temperature at which the single molecules 
thermally degrade (thermogravimetric analysis, TGA) but also the types of product 
that will be produced. Concerning the selected biomasses focus lays on the pyrolytic 
behaviour of cellulose, hemicelluloses, lignin, triglycerides, CNSL, proteins (and 
starch). The following sections describe pyrolysis of biomass constituents of 
lignocelluloses, as well as the pyrolysis of cashew, jatropha and shea.  
 
 
3.3.1 Pyrolysis of biomass constituents 
According to their chemical composition and state (i.e. amorphous vs. crystalline) 
biomass constituents react in a different way and at different temperatures to result in 
different products [177]. It is commonly accepted that decomposition of biologic 
macromolecules follows three different pathways: char formation by rearrangement 
reactions, depolymerisation and fragmentation [9]. Char is mainly formed at low 
pyrolysis temperatures of about 350°C. The matrix is rearranged to give a thermally 
more stable structure. De-polymerisation at 400-500°C describes the bond breaking 
of monomeric units resulting in macromolecular-derived oligomers and monomers 
generally found in the liquid phase of pyrolysis products. Fragmentation (600°C), 
which is another word for cracking, destroys the monomer structure resulting in short 
chain organic hydrocarbons [9]. Maximum pyrolysis temperature and heating rate are 
determinant in the predomination of these mechanisms. 
 
 
3.3.1.1 Pyrolysis of cellulose 
Pyrolytic decomposition of cellulose occurs in a narrow temperature range. Applying 
a heating rate of 5°C/min in TGA cellulose decomposition becomes measurable at 
about 225°C. Mass loss peak temperature is about 350°C; pyrolysis is completed at 
about 400°C [7]. 
Pyrolysis of cellulose starts with an intra-molecular dehydration (formation of water) 
resulting in anhydrocelluloses [178] followed by their de-polymerisation to give 
condensable heterocyclic molecules (maximum C6). The most abundant of which is 
levoglucosan (1.6-anhydro-β-D-glycopyranose[6]; up to 60%) [9]. 
Decomposition continues with fragmentation reactions, i.e. the scission of C-C and 
C-O bonds of anhydrocelluloses [178]. Main fragmentation products are CO and 





cellulose sets free water and CO2 [9]. Due to its linear structure, pyrolysis of cellulose 
yields in a high amount of volatile material leaving a small char residues [7, 9]  
 
 
3.3.1.2 Pyrolysis of hemicelluloses 
The decomposition profile (5°C/min, TGA) of xylan, a polymer of 1-4 linked β-D-
xylopyranose monomers, a representative for hemicelluloses, resembles the one of 
celluloses. Only difference, it starts decomposing at lower temperatures than 
cellulose (≈ 160 °C) [7] because of its amorphous structure [179] making 
hemicelluloses the least stable bio-macromolecule [177]. Main decomposition takes 
place at temperatures from 200 to 350°C [9, 180]. Due to a higher degree of 
intermolecular bindings and a less structured appearance more rearrangement 
reactions occur during pyrolysis. The char yield from hemicelluloses pyrolysis is 
higher compared to cellulose. Depolymerisation of xylan results in heterocyclic C5 
molecules. Main liquid decomposition products are acetic acid and furfural [177]. 
Fragmentation results mainly in CO and short chain hydrocarbons while 
rearrangement sets free water and CO2 [9].  
 
 
3.3.1.3 Pyrolysis of lignin 
The higher carbon content and its stable aromatic rings make lignin the thermally 
most stable bio-macromolecule [181] which results in higher char yields to the 
expense of volatile matter [9]. Thus, in lignocellulosic biomass, lignin is the most 
important contributor to fixed carbon [21]. 
However, lignin starts to decompose at the lowest temperature at about 110°C [7] 
probably due to the removal of lateral groups forming the lignin polymer [178]. 
Nevertheless, its decomposition continues (at low mass loss rates) up to high 
temperatures (900°C) [7, 21]. In TGA, this results in a wide and flat peak [21] with a 
maximum at about 250°C with in a long ‘tail’ up to high temperatures [182]. 
The final residue (char) represents a relatively high fraction of the initial sample of up 
to 40% (depending on the heating rate) which makes lignin the main responsible for 
char production during biomass pyrolysis [7, 181]. Char is principally formed by 
rearrangement reactions of aromatic rings [9]. 
Lignin decomposition is characterised by bond breaking of monomer units 
(depolymerisation) making lignin the main source of aromatics (syringol, coniferyl,... 
[24]) in pyrolysis oils and the only renewable aromatic resource in nature [25]. 
Fragmentation of propyl chains results in short chain hydrocarbons, CO and CH4 [9]. 
 
 
3.3.1.4 Pyrolysis of proteins 
The decomposition of protein occurs prior to melting or evaporation [183]. Thermal 
degradation of cotton seed protein was documented to occur at 230°C [184].  
Pyrolysis of amino acids is rather complex. Although amino acids (valine and leucine) 





carboxylic acids, primary and secondary amides, as well as a number of less-volatile 
compounds resulting from amino acid intermolecular condensation which gives cyclic 
dipeptides [185]. Other amino acid decomposition products are lower molecular 
weight compounds such as amines, amides, nitriles, aldehydes, ketones, saturated 
and unsaturated hydrocarbons or cyclic dipeptides by cyclodimerization [185] and 
oligomeric cyclic peptides [183]. 
During protein pyrolysis N-containing gases are set free due the scission of C-N, 
C(O)-NH, C(O)-NH2, NH2 and C(O)-OH bonds of the proteins [184]. 
 
 
3.3.1.5 Pyrolysis of starch 
TGA of different starch model compounds revealed that starch decomposes in only 
one degradation step in a temperature range from 250 to 350°C with peak 
temperatures in the close environment of 300°C [186]. Thus, starches decompose in 
the same temperature range as hemicelluloses. Due to the amorphous structure, 
starches are easily decomposed to (water-soluble) sugars [187]. Thus, pyrolysis of 
(corn) starch has a very similar volatile pyrolysis product spectrum to pure cellulose 
[186]. A primary decomposition product of starch via depolymerisation is 
levoglucosan [186, 188, 189]. The minor components are respective oxalaldehyde, 
glycolaldehyde, formic acid, 4-hydroxybutanoic acid, acetic acid, hydroxyacetone, 
and 5-hydroxymethylfurfural [188]. 
 
 
3.3.1.6 Pyrolysis of vegetable oils 
Seeds/nuts or seed/nut cake contain high or residual amounts of vegetable oils. 
Some works have been published on the thermal behaviour of vegetable oils. 
Pyrolysis has been studied as potential route to upgrade triglycerides into a liquid fuel 
whose properties would be more suitable than crude vegetable oil, as a direct 
substitute for diesel fuel [190-192]. Additionally, thermal treatment of vegetable oils 
might be favourable compared to bio-diesel production which necessitates fossil 
methanol in excess whose price is increasing and whose recovery is energy intense.  
Pyrolytic decomposition behaviour of triglycerides in TGA was analysed by Mangut et 
al. (Figure I - 16) [181] and Fiori et al. [193]. In very good agreement these authors 
document a sharp weight loss between 380 and 450°C for heating rates of 5°C/min 
[181] and 10°C/min [193]. Triglyceride volatilisation is complete (no char residue) and 
finished at 500°C [193]. 
Thermal behaviour of saturated fatty acids (C10 - C16) was thermogravimetrically 
analysed with a heating rate from 2 - 20°C/min by Shen and Alexander [194]. As an 
example they presented a dTG profile of lauric acid (C12:0) at a heating rate of 
8°C/min. The vaporisation peak is at 250°C. Çaylı and Küsefoğlu [195] reported the 
volatilisation temperatures of all major vegetable oil compounds. At a heating rate of 
10°C/min and a final temperature of 500°C glycerine, C18 free fatty acids, 
monoglycerides, diglycerides and trigycerides decomposed at 195°C, 210-220°C, 





Vegetable oils have been proven to thermally degrade into fatty acids at 300°C, 
which can be further de-carboxylised to alkanes, 1-alkenes, ketones, acrolein and 
alkadiens at higher temperatures. Additionally, the formation of cyclic components 
and aromatics is supported by Diels-Alder reaction mechanisms [191]. 
Pyrolytic gas release from triglyceride decomposition comprises CO2 (de-




Figure I - 16: Weight loss and DTG vs. temperature of pure sunflower oil [181] 
 
 
3.3.1.7 Pyrolysis of CNSL 
Thermal decomposition behaviour of CNSL has been subject in some rare research 
articles. Papadopoulou and Chrissafis [196] applied a 5°C/min heating rate and 
documented a mass loss in two steps from 168 to 392°C (peak at 332°C) and from 
392 to 532°C (peak 462°C). No explanation for peak origin was given. However, 
within the applied temperatures CNSL vaporised almost entirely (63 and 
subsequently 31%). 
Cardanol, a main compound of natural CNSL, was recovered from CNSL by direct 
double vacuum distillation (5-10 mm of Hg) in the temperature range of 180-240°C by 
Bhunia et al. [197] and subsequently pyrolysed under TG conditions in nitrogen 
atmosphere. Cardanol vaporized/decomposed entirely at temperatures from 200 to 
350°C (peak at 329°C, heating rate not mentioned). 
 
 
3.3.1.8 Conclusion on pyrolytic decomposition of biomass components 
In the previous sections it has been shown that biomass constituents have different 
behaviour under thermal stress and inert atmosphere. The decomposition of the 
different macromolecules in the biomass takes place in different temperature ranges 
which are partially overlapping and with different intensities. Crucial for pyrolytic 
decomposition and product distribution is the internal structure of the 
macromolecules. Linear molecules as starch and crystalline cellulose are highly 
volatile and result in low char. In contrast, hemicelluloses and lignin, which are highly 
branched, are less volatile, which results in more char. Product distribution, also 





polymers of glucose, thus, the liquid pyrolysis oil product contains C6 sugars. Liquid 
pyrolysis products from hemicelluloses contain C5 and C6 sugars due to the 
hemicelluloses composition of different sugars. Pyrolysis products from lignin contain 
phenols in the liquid product fraction as lignin is a highly branched structure of 
propenyl-phenols. In contrast to the aforementioned macromolecules, pyrolysis 
products of protein are rich in nitrogen, which comes from the high nitrogen content 
of the proteins itself.  
Natural organic liquids as vegetable oil and CNSL are no macromolecules. Their 
behaviour under pyrolytic conditions differs not only from the macromolecules but 
also between each other. Triglycerides volatilize/decompose in a narrow temperature 




3.3.2 Pyrolysis of different biomasses 
Biomasses are mixtures of different solid components in different ratios. 
Decomposition of the constituents overlaps and might result in interaction reactions. 
Thus, studying the pyrolysis of the ‘mixture biomass’ is of interest. The presence of 
extractive material might additionally influence the pyrolytic decomposition behaviour 
of biomass samples. This section describes pyrolysis of lignocellulosic biomass, 
cashew nut shell and press cakes of oil-bearing fruits, jatropha and shea in particular. 
 
 
3.3.2.1 Pyrolysis of lignocellulosic biomasses 
When lignocellulosic biomasses are pyrolysed all the biomass constituents 
decompose in an overlapping manner. Biomass samples are assumed to be a sum 
of their main pseudo-components (independent decomposition) by a lot of authors 
[21, 179, 198, 199]. The mass loss is the weighed sum of individual mass losses [21]. 
Reason for this interpretation is the similar appearance of dTG plots from 
lignocellulosic biomass (see Figure I - 17). The unique peak at 330 to 360°C referred 
to celluloses decomposition and a shoulder/slight peak on its left (260 to 300°C) 
attributed to hemicelluloses decomposition is typical for lignocellulosic biomasses. 
The mass loss tail at elevated temperatures (>400°C) consequently is due to lignin 
decomposition [6, 7, 21, 182].  
However, this interpretation does not take into account the interactions of the 
macromolecules during pyrolysis. Addition of kinetics of isolated compounds can 
neither satisfactorily describe the behaviour of a lignocellulosic biomass [178] nor 
predict the yields [9]. The yields in char and tar of individual biomass compounds are 
influenced by each other and the production of some chemicals is enhanced or 
hindered [180]. Wang et al. [200] observed that lignin and hemicelluloses affect 
pyrolysis characteristic of cellulose, while they could not affect each other obviously. 
It has also been reported that minerals (ash) catalyse gas production to the expense 







Figure I - 17: Mass loss rate curves of lignocellulosic biomasses (40 °C/min) [198] 
 
Volatile release at low temperatures is attributed to extractives which are the least 
stable wood components [14]. Extractive release is overlapped with cellulose, 
hemicelluloses and lignin decomposition as their volatilisation/decomposition begins 
at 160°C and continues up to 600°C [14, 15, 17]. The presence of extractives 
enhances decomposition of structural components [15] i.e. extractive removal 
improves thermal stability of wood/biomass [17]. 
 
 
3.3.2.2 Pyrolysis of cashew nut shell 
Studies dealing with the pyrolysis of cashew nut shells are not numerous. Some TGA 
studies investigated decomposition behaviour and gas release [111, 112, 116]; most 
of which are lacking of information. Tsamba et al. [112] reported 77% of total volatiles 
released in a temperature range from 247-420°C (heating rate 10°C/min). Two 
distinct peaks were interpreted as hemicelluloses (340°C) and celluloses (395°C) 
decomposition. A flat additional peak (500°C) was linked to lignin decomposition. 
CNSL content and eventual decomposition was not subject of the study.  
The TG-study of Wilson et al. (10°C/min) [106] documented a high weight loss at 
moisture release temperature although the moisture content of CNS was low. This 
phenomenon was explained by low temperature volatile release. Possible de-
carboxylation of anacardic acid was not discussed. Overall volatile release was low 
(44.8%), while char yield was high (20.9%). The dTG profile had 2 main peaks which 
were referred to hemicelluloses and cellulose decomposition whose concentration 
was not given. A further peak at 500°C was not discussed. 
TGA of ‘de-oiled’ CNS (residual CNSL content not given) was carried out by Mohod 
et al. [116] (1°C/min) from 33 to 1000°C. They reported that moisture removal lasted 
up to 250°C while the release of light volatiles began in the range of 220-280°C. A 
lack of 40°C between cellulosic and hemicellulosic decomposition is mentioned 
without discussing the relative composition of those. Overall weight loss was 85% at 
500°C. 
Very few studies have been published on the pyrolysis of CNS with the aim to 
produce pyrolytic liquids. Das et al. [114] pyrolysed ‘de-oiled’ CNS, obtained by 





bed reactor at different temperatures. They determined yields and global 
characteristics of pyrolysis oils. Oil oozed out up to 150°C had a HHV of 33 MJ/kg; 
pyrolysis oil from vacuum pyrolysis of ‘de-oiled’ CNS had a HHV of 40 MJ/kg. 
Furthermore these authors remarked a good miscibility with diesel fuel but made no 
reference to CNSL and its characteristics (long lipophilic side chains). In a further 
study Das et al. [201] reported long chain compounds (C6–C15) linked to a phenolic 
group to be found in the vacuum pyrolysis oil. However, operating conditions and 
chemical composition were little detailed.  
 
 
3.3.2.3 Pyrolysis of seeds and seed cakes 
Thermogravimetric analysis often has been used to describe decomposition 
behaviour and kinetics of oil-bearing fruits (tomato seeds [181], grape seeds [193], 
safflower seed [202], cherry seeds [157], rapeseed [203], different south African 
seeds and beans [204], date seeds [205], olive kernel [178, 206]). However, the 
discussion of the obtained thermograms often is incomplete. The influence that 
different seed constituents do have on the decomposition behaviour often is not 
focus of interest. In particular, it is astonishing that the presence of vegetable oil and 
protein is rarely discussed although relatively high HHV (compared to wood) and high 
nitrogen contents are reported. Accordingly, pyrolysing seeds resulted in numerous 
peaks [181, 203] which suggests a complex decomposition mechanism. Main 
decomposition of oil seeds takes place between 200 and 500°C; main peaks shift to 
higher temperatures with higher heating rates (Figure I - 18, left) [193, 202, 203] due 
to overlapping decomposition of different constituent. The complexity of 
thermogravimetry of oilseeds was demonstrated by Retief [204] who reported that the 
dTG peaks of some samples do not correspond to the separate values found for 
protein and oil content. Some of the profiles had only one peak; others had two. 
 
TGA studies on press cakes are abundant (groundnut [207], grape seed [193], 
sesame, mustard, neem [208], rape seed [147, 209], jatropha [126, 147, 210] shea 
[143, 149]). Up to 150°C moisture release is observed in all the studies, main 
decomposition takes place in the temperature range from 200-500°C as well. 
Although most of the authors document stepwise degradation, the observations and 
interpretations differ. In any case, lower heating rates show more clearly the different 
decomposition stages (Figure I - 18, right) [126].  
As for lignocelluloses, shoulders or slight peaks in temperature ranges from 150-
300°C were attributed to hemicelluloses decomposition. The main decomposition 
peak is always referred to cellulose and lignin decomposition. Another peak is 
observed in the temperature range of 380-500°C which is due to residual triglyceride 
volatilisation/degradation [147, 208, 210]. Shea cake residual fat was negligible 
(1.2% [143]) and also 6-10% residual fat in seed cake [208, 209] seem not to result in 
an additional peak at elevated temperatures. Higher residual fat contents (20.7%) 





cake under the same conditions resulted only in a weak shoulder in the same 
temperature range. The de-fatted cake leaves 5% more char [147]. 
The presence of proteins was not closer discussed by most of the aforementioned 
authors. Even though rape seed cake contains 16-24% of proteins [209] their 
decomposition did not attract attention in discussion probably because it overlaps 
with other biomass constituents. 
 
 
Figure I - 18: dTG thermogram of safflower seed (left) [202] and jatropha cake [126] 
 
A row of studies was carried out to determine optimal conditions for a maximum yield 
of liquid products from seeds (jatropha [211], date [212], safflower [167, 202], rape 
[213, 214], castor [215]) and cakes (safflower [216], soybean [217], groundnut [207]) 
in different types of fixed bed reactors. Results are difficult to compare due to 
different reactor configurations and sample masses. 450-500°C final temperature 
results in maximum liquid yields. At temperatures superior to 550°C overall biomass 
conversion increases, but gas yields become more important to the expense of 
liquids. Heating rates should be elevated to favour liquid production. Particle size is 
important too, as it influences heat and mass transfer within the particles. Thus, 
smaller particles are favourable. A carrier gas flow which entrains formed vapours out 
of the hot zone is favourable as well as it avoids secondary reactions of condensable 
vapours which would result in a decrease in liquid yield. 
 
Flash pyrolysis of oil seeds and seed press cakes has already been subject of some 
studies. An applied reactor design is the tubular transport or free fall reactor [214, 
218-220] where the biomass is introduced from the top of the reactor to pass a hot 
zone. Rapid removal of volatiles from the solids which are collected at the bottom is 
facilitated. Advantage of this system is that carrier gas flow could be lower compared 
to fluidised beds which results in a lower dilution of condensable vapours and 
pyrolysis gases. Thus, quenching equipment and energy input to cool down hot 
vapours and gases can be smaller. 
Virtual flash conditions were achieved by Smets et al. [147] who pyrolysed rapeseed 
cake in a semi-batch reactor equipped with a perforated Archimedes screw ensuring 
homogeneous temperature of the sand bed and creating a ‘fluidised bed effect’. Main 





known to catalyse secondary cracking reactions which would result in lower liquid 
yields when experiments last long. Additionally, the accumulating char makes this 
reactor configuration difficult in scale up; continuous operating is not possible.  
Lab-scale and pilot plant scale fluidised bed reactors for the pyrolysis of seeds/nuts 
are documented. Flash pyrolysis of cherry [157] and rape seeds [154] in fluidised bed 
reactors with throughput capacities of 100g/h and 1-3 kg/h respectively had highest 
liquid yield at 500 to 600°C. Ngo et al. [156] reported highest liquid yield of 49.5% at 
a feed rate of 225 g/h, a pyrolysis temperature of 500 °C, a residence time of 0.6 s, 
and a particle size of 600 µm. Raja et al. [158] pyrolysed jatropha cake in an 
externally heated fluidised bed reactor with a throughput capacity of 1.8 kg/h. 
Maximum liquid yield of 64 % was obtained with a nitrogen flow rate of 1.75 m3/h; 
particle size of 0.7-1.0 mm and a temperature of 500°C. 
 
The chemical composition of pyrolysis liquids of seeds and cakes was subject of 
several studies. Major difference compared to pyrolysis oils from lignocelluloses, 
which contain principally carbohydrate derived sugars, furans and short chain acids 
as well as phenols from lignin decomposition [26] is the relatively high content in 
linear long chain hydrocarbons and the presence of nitrogen containing molecules. 
All authors dealing with pyrolysis oils from seeds and cakes mention long chain 
hydrocarbons (C4-C28, [207, 208]) present in the pyrolysis oils, even if residual fat 
content is very low [143]. Other authors did neither determine the fat content in cakes 
nor discuss the possible presence but reported long chain hydrocarbons as well [126, 
221]. 
Long chain hydrocarbons comprise for example several alkanes, alkenes, and fatty 
acids, evidently products from vegetable oil decomposition as described above. 
Besides, nitrogen containing compounds as oleic acid amide, oleanitril and 
palmitamide were among the compounds with the highest relative concentrations 
[207]. Amides of fatty acids were reported to be most likely a result of a reaction of 
ammonia with free fatty acids released from triglycerides [222]. 
Hansson et al. [148] used shea meal as model compound in a fluidized bed reactor in 
order to identify protein-specific nitrogen containing gases and reported the formation 
of HCN, NH3, NO and HNCO.  
 
 
3.3.3 Conclusion on thermo-chemical decomposition analyses 
The pyrolytic decomposition behaviour of lignocellulosic biomass is widely discussed 
in literature. Especially the decomposition of heartwood which consists exclusively of 
celluloses, lignin and hemicelluloses and only traces of extractives (and mineral 
material) is well documented. The pyrolysis of extractive rich biomasses also has 
been subject of several studies. The presence of extractives changes decomposition 
behaviour of the overall biomass sample. The more constituents present in the 
biomass the more complex is the decomposition.  
Cashew nut shells contain cashew nut shell liquid. The decomposition behaviour of 





references cited in the previous chapter are incomplete. Flash pyrolysis has rarely 
been subject of research work. 
Oil seeds and their press cakes contain not only lignocelluloses (lignin, cellulose, and 
hemicelluloses) and extractible material (mainly triglycerides) but also proteins (and 
starch). Therefore, the decomposition under inert conditions is supposed to be very 
complex. Pyrolysis, with the aim to produce liquid fuel intermediates from seeds/nuts 
and cakes, has already been reported. Comparison is difficult due to different reactor 
configurations and throughput capacities.  
It is worth analysing pyrolysis of biomass samples with different amounts of 
extractives to investigate their influence on products distribution and characteristics. 
 
 
3.4 Difficulties attributed to complex physico-chemical properties 
of pyrolysis oils 
The following sections describe the nature of pyrolysis oils and difficulties linked to 
their structure as well as proposed technologies and processes to overcome or at 
least to reduce these problems. 
 
 
3.4.1 Multi-phase nature of pyrolysis oil 
High quality pyrolysis oils from wood (low content of extractives and ash) are 
(pseudo-)homogenous one phase [26, 223, 224] (micro-)emulsions. They are a 
mixture (solution) of holocellulose-derived compounds and water in which small char 
particles, waxy materials, aqueous droplets, extractive-rich droplets, and micelles are 
suspended [16, 225]. Larger, lignin derived compounds exist as microemulsions [16].  
A physical model proposed by Garcìa-Pérez et al. [225] to describe the appearance 
of pyrolysis oils obtained from hard wood rich in fibres and soft wood bark residues 
under vacuum conditions is shown in Figure I - 19. The first one was described as 
oily matrix (continuous phase) with small amounts of dispersed crystals and char 
particles (Figure I - 19, left). In contrast, the pyrolysis oil from soft wood bark was 
described as multiphase system (= macro-emulsion). Droplets (Ø20-80µm) 
containing waxy crystals (20µm length) probably composed of fatty and resin acids, 
fatty alcohols, sterols and aqueous droplets (Ø5-10µm) are dispersed in an oily 
matrix.  
 
This physical model (Figure I - 19) is a rather good tentative description of the 
complex structure of pyrolysis oils clarifying the possible differences in microscopic 
scale of pyrolysis oils from different biomasses. However, such models can only be 
estimative as the structure of pyrolysis oil depends on the biomass, the process and 
oil recovery system. Garcìa-Pérez et al. [225] should have given a scale which 







Figure I - 19: Schematic representation of a physical model illustrating pyrolysis oil 
multi-phase structure of hardwood rich in fibre (left) and soft wood bark 
residues (right) [225] 
 
High contents of extractives in biomass (forestry residues containing needles and 
leaves, bark) influence negatively homogeneity of as produced pyrolysis oils (Figure I 
- 19, right). Several authors documented phase separation of pyrolysis oils from 
extractive rich biomasses [170, 224-226] which is linked to the chemical difference of 
extractable material to lignocellulosic derived pyrolysis oil compounds. Phase 
separation was described to be due to the significant polarity, solubility and density 
differences of extractives and the hydrophilic pyrolysis oil compounds [16]. 
The lower polarity of extractives is linked to their lower oxygen content compared to 
lignocellulosic derived pyrolysis oil compounds [16]. The low polarity and hydrophilic 
character of extractives and extractive derived compounds leads to their 
accumulation in an upper phase. The upper phase of a pyrolysis oil from bark 
contained 6 times more fatty acids than the bottom phase [18]. This upper phase is 
low in water, density and high in heating value [227].  
It is easy imaginable that pyrolysis oils from oil-bearing fruit cakes which contain 
often non-negligible amounts of residual vegetable oil do phase separate due to the 
effects described above. Accordingly, several authors reported spontaneous phase 
separation of pyrolysis oils from oil-bearing fruits and cakes (rape seed [147, 209], 
sunflower [219], cotton seed [228]). 
 
 
3.4.2 Storage and aging of pyrolysis oils 
Pyrolysis oils are auto-reactive [171] mixtures produced in a not equilibrium situation 
which move constantly toward chemical equilibrium [229]. Their multi-component 
character causes various reactions (polymerisation/condensation of unsaturated 
hydrocarbons, esterification of carboxyl and hydroxyl groups and etherification by 
reaction of carbonyl and hydroxyl groups [173, 230]) producing more polymeric 
compounds. This causes a decrease in concentration of low molecular weight 
material (100-300 g/mol) and an increase of higher molecular weight material (300-





with time progressing process is called ‘aging’ [229]. Aging is catalysed by char 
(more particular its inorganic compounds Ca, Mg, Al, Zn, ...[231]) and by elevated 
temperatures [163, 175]. 
Chemical reactions cause a change in overall polarity. Condensation reactions set 
free highly polar water and relatively low polar esters. Thus, polarity in the organic 
materials decreases in parallel with water concentration increase which accelerates 
phase separation due to a segregation of polar from less polar molecules with multi-
functional molecules between them to form micelles [16, 164]. Initial phase 
separation only is in small scale. Aggregation and coalescence of droplets form a 
single phase. Phase separated pyrolysis oils cannot be used as fuel [16]. Thus, 
storage stability of pyrolysis oils is poor [231] and the use of pyrolysis oils is limited if 
there is not a short-time application. 
 
 
3.4.3 Procedures to stabilise pyrolysis oil 
The instability of pyrolysis oils motivated researchers to investigate several 
possibilities to upgrade or stabilise them. The objectives of upgrading are multiple 
(increase of HHV, reduction of water content, reduction of solid content, decrease of 
viscosity, stabilisation, diminishing of corrosivity). This section describes different 
methods to improve physico-chemical properties of pyrolysis oils. 
 
 
3.4.3.1 Chemical stabilisation to prevent polymerisation 
Chemical upgrading processes have the objective to remove oxygen, which is the 
reason for most of the inconvenient properties. Linked to complexity and high costs 
they result in significant quality improvement. Process integrated catalytic vapour 
cracking deoxygenates pyrolysis vapour by dehydration-decarboxylation reactions. 
Technical feasibility and economic efficiency are not yet proven [173]. Hydro-
treatment under high temperatures and high hydrogen pressure eliminates oxygen in 
pyrolysis oils forming water [173]. Technical difficulties occur due to the 
polymerisation of the pyrolysis oils under the applied high temperatures.  
 
Addition of solvents can physically (see 3.4.3.2) and chemically impact on pyrolysis 
viscosity [229]. The additives might react with pyrolysis oil components which leads 
to chain termination (limiting homo-polymerisation of aldehydes [164] or by 
transesterification of oligomeric esters [229]) and reduces aging phenomena.  
Additionally, it reduces acidity, improves volatility, heating value and miscibility with 
diesel due to esterification and acetilysation reaction [173]. However, generally 
applied methanol is a petrol derived product whose availability in decentralised flash 
pyrolysis facilities is not given. Methanol supply would increase the production costs 







3.4.3.2 Physical stabilisation to enhance emulsion durability 
In contrast to chemical stabilisation, methods to physically stabilise pyrolysis oils aim 
on the improvement and prolongation of the ‘natural’ life time of the pyrolysis oils 
without changing the nature of its constituents. Physical stabilisation can be 
integrated at different stages of the pyrolysis production process. In-situ methods 
concern pyrolysis oil recovery; ex-situ methods concern the treatment of pyrolysis 
oils after production. 
 
A) Effectiveness of pyrolysis oil recovery 
The most efficient way to decrease initial viscosity of pyrolysis oils is to collect the 
maximum of light and volatile components [164], which have a low viscosity [229]. 
Low carrier gas concentration would increase the partial pressure of volatiles [164]. 
Hot-gas filtration prior to vapour condensation positively influences pyrolysis oil 
quality as well. This would lower the char/ash content compared to pyrolysis systems 
only using cyclones to separate char fines [173, 230]. Main draw-back of this 
technology are the char accumulation in the filter whose catalytic role would result in 
lower average molecular weight of the liquid [232], the ineffective char removal from 
the filter [230] and a diminishing pyrolysis oil yield. 
 
B) Diluting effect of solvent addition 
Solvent addition has several positive effects. It diminishes pyrolysis oil density which 
is beneficial for atomisation behaviour [172]. Methanol is a solvent for both, water 
and pyrolysis oil compounds. Thus, it increases fractionation and dispersion of water 
droplets resulting in a reduction of sedimentation velocity which increases stability 
[172]. Solvent addition physically increases the distance of potential reaction partners 
in pyrolysis oils. 
 
C) Mixture with other fuels - emulsification 
Emulsions are mixtures of (at least) two immiscible liquids where one liquid forms 
droplets which are dispersed in the other liquid (continuous phase) [176, 233]. The 
formation of a stable emulsion demands a sufficient agitation to disperse one of the 
liquids in the other. The more efficient the agitation, the higher is the interfacial area. 
Additional, higher temperature diminishes viscosity and interfacial tension of the 
different liquids resulting in more efficient emulsification [233]. Emulsions of polar and 
less polar liquids can be stabilised by the addition of multi-polarity molecules, i.e. 
emulsifiers. Due to the non-desirable combustion products of ionic emulsifiers (metal 
soap, sulphur containing detergents), non-ionic emulsifiers are proposed for pyrolysis 
oils. These co-polymers consist of linear blocks of different solubility each of which 
long enough to penetrate into one of the phases [164]. 
Several studies have been conducted to mix pyrolysis oils with other liquid fuels such 
as biodiesel and diesel. The success of emulsification often is doubtable or the used 
mixtures are likely not to be ‘real’ emulsions. 
In agreement with Diebold and Czernik [229] who reported two phase formation of a 





(minute scale) phase separation of a soft wood bark pyrolysis oil mixed with 
biodiesel. However, Jiang and Ellis assumed the biodiesel rich upper phase to be an 
emulsion on which they carried out several characterisation and stability tests [233, 
234]. From the results, it is rather likely that the intense agitation of biodiesel and 
pyrolysis oil resulted in physical extraction which would be in agreement with the 
work of Garcia-Perez et al. [235]. They extracted pyrolysis oil (eucalyptus and pine) 
with canola biodiesel and achieved a pyrolysis oil in biodiesel concentration of 3-4% 
(mostly phenols, furans and carboxylic acids). 
Majhi et al. [146] and Pelaez-Samniego et al. [236] applied two different approaches 
to isolate certain pyrolysis oil compounds which they blended with diesel and 
gasoline respectively. Majhi et al. [146] distilled jatropha press cake pyrolysis oil 
(<140°C) to recover mainly (non-polar) decomposition products of vegetable oils. 
Pelaez-Samniego et al. [236] treated a pyrolysis oil rich in carboxylic acids from 
sugar cane tops and leaves with sodium bicarbonate, recovered the obtained soaps 
in a neutral water solution which finally was treated with a sulphuric acid/ethanol 
mixture. The resulting fatty acid ethyl esters were used for blending. These 
approaches have several additional steps in the fuel production process and do only 
use a (small) fraction of the whole pyrolysis oil which would result in high amounts of 
residues which must be valorised elsewhere.  
Real emulsions of pyrolysis oils in diesel were obtained by Ikura et al. [237, 238] and 
Chiaramonti et al. [176]. However, pyrolysis oil/diesel emulsion form separated 
phases after a certain storage time. Ikura et al. [237] centrifuged the pyrolysis oil 
which resulted in a 77.5 wt% phase richer in water and poorer in carbon which they 
used for their emulsification experiments. Almost all of the emulsions with Diesel as 
the continuous phase stratified with time. The most stable emulsion achieved did not 
stratify after 42 d but required the most severe conditions (5% surfactant, 20 min 
mixing at 1750 rpm at 70°C). Chiaramonti et al. [176] prepared emulsions of 25, 50 
and 75% pyrolysis oil in diesel fuel. The emulsions were more stable than the 
pyrolysis oil on its own (at 70°C for about 3 days) while increasing pyrolysis oil 
content in the emulsion increased its viscosity. The optimal concentration of 
emulsifying agent was between 0.5 and 2%. These authors recommended that 
freshly produced pyrolysis oils should be used for emulsification. They resumed that 
emulsification might be a feasible option for the energetic use of pyrolysis oils. 
Nevertheless, the application in engines is limited and long term behaviour has not 
yet been proven [239]. 
 
 
3.4.4 Conclusion on pyrolysis oil structure and stabilisation 
The ultimate solution to obtain high quality and stable pyrolysis oil has not been 
found yet. In-situ methods make the whole pyrolysis process more complicate. Up-
grading processes to reduce oxygen content like hydro-de-oxygenation and catalytic 
cracking of pyrolysis vapours and steam reforming are not economic by now [173]. 
The deleterious properties of high viscosity, thermal instability and corrosiveness 





The blending with solvents (methanol) has been shown to be effective. But, as 
methanol principally is a product of fossil fuels, it is not available in most West African 
countries. The utilisation of pyrolysis oil fractions to be blended with other fuels adds 
process steps after the pyrolysis oil production and leaves high amounts of pyrolysis 
oil residues which must be treated elsewhere.  
Emulsification of pyrolysis oils with other conventional fuels or bio-fuels might be 
most reasonable if processes and/or low cost additives are found which lead to 
stable emulsions. However, high energy input is necessary for agitation. Additionally, 
the different properties of pyrolysis oils obtained from different biomasses in different 
reactors will not allow extrapolation of the results of single studies. Each pyrolysis oil 
has to be analysed concerning the blending and emulsification potential. 
 
 
4 Conclusion and research objectives 
Biomass is a promising renewable source for liquid fuels. Among the different 
processes developed liquid “Second generation” bio-fuels have the potential to 
convert almost the whole plant to useful energy carriers. The thermo-chemical 
conversion processes contain pyrolysis and, more precisely flash pyrolysis, which 
provides liquid intermediate energy carriers easier to transport than bulky biomass. 
In West Africa the mobilisation potential of available biomass for energy application is 
limited. Nevertheless, some by-products from agriculture and agro-alimentation 
industry have been identified to be available. Cashew nut shell (and cake), jatropha 
seed cake and shea nut cake are examples of such. In contrast to classically used 
lignocellulosic biomasses, in flash pyrolysis applications these biomasses contain 
considerable amounts of extractible material, which hampers their utilisation as direct 
fuel due to intense smoke release in spite of a relatively high heating value. 
Main objective of this thesis is to understand whether and how extractives influence 
(impact) the thermo-chemical decomposition of biomasses and the nature/quality of 
the products.  
The specific objectives are triple. Firstly, the study investigates the thermo-chemical 
behaviour of the extractives inside the biomass during pyrolysis. Which are the 
decomposition temperatures of extractible material included in solid matrix? What are 
decomposition products of the extractives? During extractive decomposition, do they 
interact with the solid biomass matrix? 
To reach these objectives this study is based on a detailed analysis of the 
characteristics of the available biomasses. To be capable to discuss the influence of 
different amounts of extractives the study was carried out with extractiveless 
samples, samples with intermediate extractive content, samples with high extractive 
contents and the extractives themselves. 
Secondly, it is of interest which kind of decomposition products are released from 
extractive pyrolysis and how extractives are dispersed in the pyrolysis products. 





were carried out to study the influence of extractives on mass balances and pyrolysis 
products, in particular the liquid fraction. 
Fluidized bed flash pyrolysis experiments with the available biomasses were carried 
out subsequently, which allowed studying the performance of a reactor, which was 
designed for lignocellulosic biomasses dealing with extractive rich ones. 
Thirdly, the pyrolysis oils obtained from flash pyrolysis were subject of a chemical 
and physico-chemical characterisation. In particular, to which extend extractives do 
influence the rheological behaviour of pyrolysis oils? Are there possibilities to 
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The second chapter of this thesis has the objective to describe materials used as well 
as equipment and procedures applied. 
 
A very short part indicates the origin of the samples used for this study. The second 
part describes the methods used to characterise the selected biomasses concerning 
their characteristics (proximate, ultimate analysis, determination of higher heating 
value as well as thermo-chemical decomposition by thermogravimetric analysis). 
The third part presents the pyrolysis reactors used to study the influence of the 
extractive content on pyrolytic decomposition of the selected biomasses. A tubular 
fixed bed and a fluidised bed were used respectively for rapid and flash heating 
conditions.  
An overview concerning definitions and calculations of yields, concentration etc. is 
given in the fourth part.  
The equipment used to characterise the pyrolysis products obtained (gas, oil and 
char) are described in the fifth part. The last part is dedicated to the description of the 
rheometer used for pyrolysis oil rheological characterisation and stability study and 
the protocol used to formulate pyrolysis oil with other bio-fuels is presented. 
 
 
1 Origin of biomass samples 
The biomass samples used for this study, shown in Figure II - 1, were delivered from 
several companies. 
“Anatrans”, a company based in Bobo Dioulasso/Burkina Faso, producing cashew 
nuts for exportation, delivered cashew nut shells (CNS) in July 2010. Nuts in shell 
undergo a thermal treatment in an autoclave, at about 120°C, to facilitate hulling. 
Mechanical extraction of CNSL from the CNS was carried out using an AGICO screw 
press with a capacity of 200 kg/h, delivering the raw CNSL and cashew nut shell 
cake (CNSc) as by-product. 
Jatropha seeds and press cake (Jc) were obtained in 2009 from “Belwet”, a society 
based in Ouagadougou/Burkina Faso, which produces jatropha oil and transforms it 
into biodiesel and soap. An AISO screw press with a capacity of 400 kg/h was used 
to mechanically extract oil from seed (almonds in shell). 
Shea nuts were recovered from the company “Burkarina” in Bobo Dioulasso/Burkina 
Faso, which produces shea butter at industrial scale for exportation. Prior to oil 
extraction in a MBU 75 screw press with a capacity of 400 kg/h (18.5 kW) hulled 
almonds undergo a grinding and pre-heating stage (120 °C). The shea press cake 
(Sc) resulting from this treatment delivered in July 2010 was used in this work. 
Jatropha oil, shea butter and CNSL samples were provided by the aforementioned 
companies. The vegetable oils underwent filter pressing for purifying purposes. 
Rubber wood (Rw) chips containing not specified small amounts of bark as 
lignocellulosic reference material were delivered from “Rubber estates Ltd.”, Ghana, 






 Figure II - 1: Cashew nut shells (a) and their cake (b), jatropha (c) and shea cake (d), 
and rubber wood chips (e) 
 
 
2 Analysis of feedstock characteristics 
Several analytical characterisation techniques were applied to characterise solid 
fuels in order to study composition and structure of the selected biomasses. Samples 
have been analysed concerning their elemental composition by ultimate analysis, 
their quality as fuels (proximate analysis and higher heating value) and their 
macromolecular composition. Thermogravimetry was used as a tool to analyse 
thermo-chemical decomposition under slow temperature rate. 
With the aim to better be capable to interpret characteristics of the available 
biomasses, samples were added to cover an extractive content range from 0% (de-
oiled cakes) to 100% (crude extractives). 
 
 
2.1 Determination of extractive content and preparation of de-oiled 
feedstock 
The determination of extractive contents was inspired by DIN12602, Soxhlet 
extraction, with hexane as organic solvent. The biomass samples used for extraction 
were ground (press-cakes < 2 mm; CNS, jatropha seeds and shea nuts <5 mm) and 
dried at 105 °C. The mass fraction of extractives (߱௘௫௧௥௔௖௧௜௩௘௦) was calculated from 
the mass loss of the solid, and the content was calculated on dry biomass (BM) 
basis.  
࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ ൌ 	࢓࡮ࡹ	ሺ	࢖࢘࢏࢕࢘	ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢕࢔ሻି࢓࡮ࡹ	ሺ	ࢇࢌ࢚ࢋ࢘	ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢕࢔ሻ࢓࡮ࡹሺ	࢖࢘࢏࢕࢘	ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢕࢔ሻ ∗ ૚૙૙% Equation II - 1 
The extraction was carried out in triplicate and the presented results are average 
values. 
In order to produce high quantities of de-oiled cakes for further experimentation, 
extraction were replicated, using petroleum ether as solvent, which is more readily 
available and cheaper than hexane in Burkina Faso. Solid residues from these 
extractions will be called “de-oiled CNSc”, “de-oiled Jc” and “de-oiled Sc”. 
In order to produce de-oiled cakes in larger quantities for flash pyrolysis experiments 
described in II.3.2 the following procedure was applied. 2.2 kg of crude cake (CNSc, 
Jc or Sc) were mixed with 2.2 l of petroleum ether in a canister of 10 l. The mixture 
was agitated for 5 minutes followed by 4 hours of pause. Subsequently, the petrol 
ether was recovered from the mixture and further 2.2 l of petrol ether were added 
followed by 5 minutes of agitation and 3 h of pausing. Then, the petrol ether was 





recovered and the cake was stored overnight under slight underpressure (fume 
hood). 
This procedure was repeated the following day applying 2.0 l of petrol ether in each 
step instead of 2.2 l.  
Finally, the de-oiled cake was dried in an oven at 105°C over night in order to remove 
residual petroleum ether (and moisture). 
The residual extractive content was determined by the procedure described above 
applying petroleum ether as solvent. 
For analysis of macromolecular composition (see 2.2), it is necessary to remove non-
structural material from biomass prior analysis to prevent interference with later 
analytical steps [1]. For non-woody material a two-step extraction with water and 
ethanol is recommended by Sluiter and Sluiter [2]. Water soluble materials include 
inorganic material, non-structural carbo-hydrates and sugars such as sucrose as well 
as nitrogenous material (proteins) [1, 2]. Subsequent extraction with ethanol is 
required to ensure the removal of waxy materials, chlorophyll, saps and resins [1]. 
Water extractions were carried out until solutions became transparent. After sample 
drying at 105°C, the second extraction step followed. As the samples contain 
relatively high concentrations of vegetable oils in the press cakes which are not 
easily soluble in ethanol the proposed procedure was modified and petroleum ether 
was used instead of ethanol in the second extraction step. Solid residues of this 
procedure are called “two-step extracted cakes”. 
 
 
2.2 Macromolecular composition 
In order to be able to determine the macromolecular composition of the biomass 
samples the following method, inspired from references [3] and [4], was applied. 
Two-step extracted press-cakes (see 2.1) were sieved to obtain a sample fraction 
with a particle size less than 1 mm for acid-insoluble lignin and hemicelluloses 
determination. 
Determination of acid-insoluble lignin was carried out in two steps. Firstly, 15 ml of 72 
% sulphuric acid, chilled to 4 °C, was added to 1 g of sample. Hydrolysis occurred for 
2 hours at room temperature. Secondly, 560 ml de-ionised water were added to 
achieve a 3 % acid solution, which was boiled under reflux conditions for 4 hours. 
The final solution was vacuum filtered over a pre-dried and pre-weighed filter paper. 
After rinsing and drying the mass gain of the filter paper was referred to acid-
insoluble lignin [3].  
Hemicelluloses content of the two-step extracted sample was determined following 
the procedure proposed by Li et al. [4]. 1 g of two-step extracted cake was boiled for 
3.5 h in a 20 g/l NaOH solution under reflux conditions. The final solution was 
vacuum filtered over a pre-dried and pre-weighed filter paper. After rinsing with de-
ionised water and drying the residual sample, the mass loss compared to the initial 
sample was referred to hemicelluloses. Cellulose content was calculated by 
difference. 





2.3 Ultimate and proximate analysis, higher heating value (HHV) 
The ultimate (elemental) analyses were carried out with an Elementar Vario Macro 
tube CHN analyser according to the norm XP CEN/TS 15104 for biomass samples 
on fresh basis and ASTM D5373 for char. Results were calculated on dry basis by 
taking into account the moisture content determined by proximate analysis. The 
oxygen content was calculated by difference: 
%ࡻ ൌ ૚૙૙%െ%࡯ െ%ࡴെ%ࡺെ%ࢇ࢙ࢎ     Equation II - 2 
 
Proximate analyses were carried out according to the norms AFNOR XP CEN/TS 
14775 (ash, %ash), AFNOR XP CEN/TS 14774-3 (moisture, %H2O) and XP CEN/TS 
15148 (volatile matter, %VM). Fixed carbon (%FC) was calculated by difference. 
Ash content on extractive free basis is calculated by: 
%ࢇ࢙ࢎࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ	ࢌ࢘ࢋࢋ ൌ %ࢇ࢙ࢎ૚૙૙%ି࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ ∗ ૚૙૙%     Equation II - 3 
 
Fixed carbon on extractive free basis is calculated by: 
%ࡲ࡯ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ	ࢌ࢘ࢋࢋ ൌ %ࡲ࡯૚૙૙%ି࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙	 ൈ ૚૙૙%    Equation II - 4 
 
To compare samples among them and to estimate the influence of different levels of 
extractives during pyrolysis, it is necessary to determine the mass fraction of organic 
solids (߱௢௥௚௔௡௜௖	௦௢௟௜ௗ௦) in the biomass sample which is calculated by: 
࣓࢕࢘ࢍࢇ࢔࢏ࢉ	࢙࢕࢒࢏ࢊ࢙ ൌ ૚૙૙%െ࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ െ %ࢇ࢙ࢎ    Equation II - 5 
 
The higher heating values were determined using an adiabatic calorimeter (Parr 
Instruments 1241, Oxygen bomb 1108), according to the norm NF M 03-005. 
 
 
2.4 Acid number and hydrolysis of vegetable oils 
2.4.1 Determination of the acid number of vegetable oils 
The acid number (ܣܰ) is defined as the mass of potassium hydroxide in mg which is 
needed to neutralise the acidity of a certain amount of vegetable oil (ܸܱ) [g]. 
࡭ࡺ ൌ	࢓ሺࡷࡻࡴሻ࢓ሺࢂࡻሻ           Equation II - 6 
 
Different amounts (2-5g) of ܸܱ were diluted in acetone and titrated with a 1 M 
solution of KOH until the colour of phenolphthalein used an acid-base indicator 
changed. With the values from this experimentation the precedent formula changes 
to: 
࡭ࡺ ൌ	ࡹሺࡷࡻࡴሻ∗ࢉሺࡷࡻࡴሻ∗ࢂሺࡷࡻࡴሻ∗૚૙૙૙࢓ࢍ/ࢍ࢓	ሺࢂࡻሻ         Equation II - 7 
 
 With M(KOH) = molecular mass of KOH = 56,11 g/mol 
  c(KOH) =  molar concentration of the KOH-solution = 1 mol/l 





The determination of the acid number for jatropha oil and shea butter was carried out 
twice and the presented results are average values. 
 
 
2.4.2 Hydrolysis of vegetable oil 
Hydrolysis of the vegetable oils was carried out to prepare sample rich in free fatty 
acids; which were then analysed in thermogravimetric analysis as presented later. 
Hydrolysis was carried out in a basic solution. Therefore, a 1 M solution of KOH in 
ethanol/water (v/v = 15:85) was prepared. About 3 g of vegetable oil were diluted in 
this solution. This mixture was heated to 85 °C and agitated overnight with 600 
rounds per minute. The next day, acidification of the solution was carried out with 
6,45 M HCl until a pH-value of 1 to 2 was reached. This solution then was washed 
twice with hexane to separate the hydrophobic free fatty acids from residual 
hydrophilic glycerine and the ions present in the solution (Na+, Cl-). Hexane was 




2.5 Thermogravimetric analysis 
2.5.1 Description of apparatus and principle 
Thermogravimetric analysis allows tracing mass loss of a given sample by increasing 
its temperature. Thermogravimetric analysis was carried out with a Setsys Evolution 
16 analyser of Setaram. The system consists of an electronic microbalance, which 
allows the measurement of weight loss (maximum of 400 mg, precision of 0.4 µg). 
The sample is suspended to the microbalance in such a manner that it is situated in 
the hottest zone of an oven. There, the temperature is measured continuously with 
the help of a thermocouple (Figure II - 2).  
 





The oven itself is equipped with an external resistive heater allowing the increase in 
temperature up to 1200°C with heating rates from 0 to 100°C/min. To assure an inert 
atmosphere, it is possible to empty the reaction zone containing the sample with the 
help of a vacuum pump. Subsequently, a carrier gas with flow rate from 4 to 200 
ml/min is introduced. The carrier gas enters the reaction zone from the top of the 




The samples were ground and sieved to obtain a particle size distribution of 212-400 
µm in order to minimize internal heat and mass transfer resistances [6]. Sieving of 
CNS, jatropha seeds and shea nuts was not possible because the extractive material 
tended to form a paste gluing to the mesh. Therefore, larger particles were used for 
these biomasses (< 1 mm). 
A sample mass of about 10 mg was placed in an aluminium sample container of 170 
µl which is suspended to the microbalance. The vacuum (<60 mbar) was assured by 
a vacuum pump; subsequently, Argon (purity 99.999 %) was used with a flow rate of 
20 ml/min to flush the reaction chamber and during the test. 
The samples were heated from room temperature to 500 °C (+/-10°C) with a constant 
heating rate of 20 °C/min and remained at 500 °C for about 15 min to ensure 
equilibrium. 
The program Setsoft 2000 was used for data acquisition of the sample mass 
variation and oven temperature every second. It allows further to trace the dTG 
signal which corresponds to the variation of the sample mass in a certain time 
interval (derivation of TG signal = dTG). The minima of the dTG signal correspond to 
most intensive mass losses of the sample during pyrolytic conversion, as one can 
see exemplary in Figure II - 3 for rubber wood. 
 
 

































Thermogravimetry also allows determination of char yields from initial sample mass 
and the mass remaining in the crucible. Further, the biomass ash content and char 
residue can be used to determine ash content in char according to the definitions and 
formulas given in II.4. 
 
 
3 Pyrolysis reactors 
The influence of the extractive content on pyrolysis behaviour, product distribution, 
and product characteristics was analysed at two different complementary scales. 
- In an externally heated lab-scale tubular fixed bed reactor for fundamental 
research which allows rapid pyrolysis (around 300°C per min) of small sample 
quantities (<10g). Mass closures superior to 90% with high reproducibility [7, 8] 
are possible due to almost complete recovery of solid, liquid and gaseous 
fractions. Studying the evolution of product yields and product characteristics 
applying an extractive content from 0 to 100% is feasible. 
- In a pilot plant scale fluidised bed reactor, which allows flash pyrolysis, having a 
throughput capacity of 1.5 kg/h (wood). Recovery of solid, liquid, and gaseous 
fractions to study product yields and characteristics is possible for solid samples 
with extractive contents from 0 to 15% (de-oiled and crude cakes). 
 
 
3.1 Tubular furnace 
The tubular furnace allows pyrolysing not only solid biomass samples with extractive 
contents up to 15%, it is also possible to pyrolyse samples, which are not sievable 
such as CNS and ground seeds and nuts with higher contents of extractives. 
Additionally, the tubular furnace makes it possible to pyrolyse liquid products, i.e. the 
pure extractives. This allows comparing mass balances and pyrolysis products 
comparison over a broad extractive content range from 0 to 100%. 
 
 
3.1.1 Description of apparatus and principle 
Rapid pyrolysis experiments were carried out in a tubular heated reactor, which is 
shown in Figure II - 4. This installation allows educing, quantification and analysis of 
the different produced fractions (char, pyrolysis oil, and incondensable gases). 
Pyrolysis takes place in inert atmosphere, which was assured by predominant 
flushing with nitrogen. The tubular oven is pre-heated to 500°C and flushed with 
nitrogen at a flow rate of 40 lN/h (= 0.666 lN/min) using a Brooks 5850S mass flow 
regulator. This flow rate is relatively high [9] in order to reduce the retention time of 
volatile matter in the hot zone of the reactor which limits secondary reactions. 
The choice of the temperature is based on other studies reporting that at 500°C the 






Figure II - 4: Tubular furnace for rapid pyrolysis experiments (adapted from [7]) 
 
Pyrolysis starts right after rapid introduction of the sample boat containing the 
biomass sample into the oven. The oven is a reactor consisting of a horizontal tube 
made of stainless steel. Two thermo-couples linked to a temperature acquisition 
device (Ahlborn) allow measuring the temperatures in and right above the sample. 
Measurements are saved every 5 seconds by the program Almemo. 
Heat flux densities imposed to biomass samples are in the range of 50 kW/m2 [13] 
which results in temperature increases in the range of 300 °C/min (Figure II - 5). 
About 8 further minutes are necessary to reach 480°C. 
The residence time of hot gases and condensable vapours (calculated from their 
production by the reacting biomass to the condensation system where vapours 
cooled down) is about 12 s. Therefore, this system permits to approach as close as 
possible to rapid pyrolysis conditions [14, 15], even though they are not fully reached. 
Formed volatiles are entrained with the nitrogen flushing flow. The exit of the oven is 
equipped with two resistive heaters (320°C and 280°C) holding the temperature to 
about 300°C which is sufficient to avoid vapour condensation [9]. Thus, it is 
supposed that the quantity of condensed vapours in the reactor is negligible and the 
quality does not change between the production and the condensation. 
At the exit of the reactor a condensation system was installed which serves to 
recover a maximum of the condensable vapours. It consists of a double jacket glass 
cylinder which is chilled to -11 °C (glycol), a round bottom flask (100ml) in a -11 °C 
glycol bath (Cryostat Julabo F-25) and an electrostatic precipitator (11kV). This 
equipment allows condensing the largest part of the volatile matter. The electrostatic 
filter is connected to a Glassmann tension generator (high voltage series EL), 
recovers the light fractions, and captures aerosols. After having passed the 
electrostatic precipitator the incondensable gases are accumulated in a sampling bag 











Experiments were carried out with de-oiled and crude cakes, nuts, and CNS as well 
as with pure extractives (jatropha oil, shea butter and CNSL respectively). 
The solid biomasses were ground, sieved to a particle size < 2 mm (except CNS, 
jatropha seed and shea nut for the reason that it was not possible to sieve them; < 5 
mm) and dried at 105 °C prior to experimentation. 
A sample (5-6 g) was put in the sample “boat” (meshed stainless steel basket for 
solids, ceramic for extractives). Concerning the solids, the mesh size of 200µm 
allowed rapid evacuation of volatile matter limiting secondary reactions. Due to 
higher volatility, liquid sample mass was chosen to be slightly lower (4-5 g). The 
sample boat is placed on a spoon in a nitrogen (Linde, purity 99,995 %) flushed 
alimentation chamber. 
Prior to experimentation, firstly carrier gas flow is controlled at the exit of the reactor 
with the help of a volume flow meter to assure leak tightness. Secondly, gas 
composition is analysed by µ-GC (Varian CP490, described later) to assure that the 
oxygen content in the whole system is inferior to 0,1 vol%. 
When temperatures have reached the desired values, the generator connected to the 
electrostatic precipitator is started (tension 11 kV). Carrier gas flow is fixed to 40 lN/h 
and a vacuum pump empties the gas-sampling bag. 
The beginning of the experiment corresponds to the moment when the gasses 
passing the reactor are lead to the gas-sampling bag, passing a three-way valve. 
After 30 sec the sample is introduced into the hot zone of the reactor (500°C) within 
less than 2 seconds. After a retention time of 12 minutes, the sample boat is 
recovered and placed in the alimentation chamber, where it cools down to room 
temperature. Gas recovery is continued for 2.5 min to assure that last volatile 
components have reached the gas-sampling bag. After 15 min of overall 
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analysed by µ-GC. The analysis, repeated three times, is used to calculate the total 
mass of principal incondensable gases (݉௚௔௦) produced during experimentation.  
Char was collected and weighed (݉௖௛௔௥) after cooling down to ambient temperature. 
It was further characterized in terms of elemental (CHNO)-composition (see 2.3). 
The mass of pyrolysis oil (݉௣ି௢௜௟) was determined by weight difference (gain) of the 
whole recovery system, before and after the experiment. The initial procedure 
scheduled that all parts of the condensation train were rinsed with acetone (analytical 
quality, Carlo Erba 400971, H2O < 0,2 %) to dissolve the pyrolysis liquids and collect 
them in a vessel. For biomass samples with high content of vegetable oil this solvent 
was not appropriate, therefore petroleum ether (40-60°C boiling point range) was 
used instead for some samples (see Table II - 1). The mass increase of the recovery 
system after dilution was noted (݉ௗ௜௟.) and means the sum of the recovered pyrolysis 
oil mass (݉௣ି௢௜௟ሻ and the actually used mass of solvent	ሺ݉௦௢௟௩.ሻ. 
Diluted pyrolysis oil is stocked in a tight vessel in a refrigerator at 5°C in the dark. 
Subsequently the dissolved pyrolysis oils were characterized (water content and 
GC/MS) as detailed below. 
 
Table II - 1: Solvent applied for pyrolysis oil recovery from coil cooler and 
electrostatic precipitator after rapid pyrolysis experiments 
Solvent Bio-oil sample from 
Acetone Rubber wood, de-oiled CNSc, CNSc, CNS, CNSL, de-oiled Jc, Jc, de-oiled Sc, Sc 
Petrol ether Jatropha nut, Jatropha vegetable oil, Shea nut, Shea butter 
 
This experimental installation allows determining the yield of each pyrolysis product 
(char, liquid, gas). These are calculated on a dry sample basis as introduced in the 
reactor. Definitions for masses and yields can be found in II.4 (Table II - 2, page 
131). However, it is possible to establish a mass balance (sum of the three yields of 
the pyrolysis products). 
The yields of CO, CO2, H2, CH4, H2O, C2H6 and C2H4 as well as 65 condensable 
organic molecules can be calculated with the help of gas chromatography 
quantification in their respective phase (gaseous or liquid) applying analytical 
methods described later. 
 
3.2 Flash-Pyrolysis pilot plant 
The necessity of finely ground particles in fluidised bed flash pyrolysis renders the 
use of not sievable CNS and seeds/nuts as well as crude extractives impossible. 
However, a flash pyrolysis pilot plant was used to pyrolyse the selected agro-
industrial residues i.e. CNSc, Jc and Sc as well as their de-oiled counterparts. 
The objective of this experimental set-up is to recover the pyrolysis products (mass 









3.2.1 Description of apparatus, equipment and principle 
Flash pyrolysis experiments were carried out using a 1.5 kg/h bench-scale unit 
(CIRAD). The installation is based on an externally heated bubbling fluidized bed 
reactor shown in Figure II - 6. 
The reactor is a tube made of a stainless steel (X12CrNiSi25-20) with an internal 
diameter of 80 mm and a total height of 780mm. The carrier gas distributer (diffuser) 
placed in the bottom part of the reactor is a frit in form of a disc (thickness 20 mm) 
made of sintered stainless steel (X12CrNiSi25-20). The sand bed, which serves as 
fluidizing agent, is lying on this frit (see also 5 in Figure II - 7). The head of the 
reactor can be removed in order to introduce or to recover the sand bed prior to or 
after the experiment. The reaction zone between the diffuser and the exit of the 
gases and vapours at the head of the reactor has a total height of 520mm. The 
reaction zone is composed of the bubbling fluidized bed and the freeboard (6 and 7 
in Figure II - 7). The height of the bubbling bed can be modified in function of the 
sand mass introduced and the fluidising velocity. However, the height/diameter ratio 
lies between 1.5 and 2.5. The removable conic head part limits the volume of the 
freeboard and thus the retention time of the vapours. The alimentation feed screw 
enters the reactor with a distance of 120 mm from the frit which is equivalent to the 
half of the not fluidised sand bed. 
The fluidising agent is Fontainebleau sand, sieved to the desired particle size. It has 
a density of 2650 kg/m3 and contains more than 99% of SiO2. 
The reactor is externally heated within three different zones (4 in Figure II - 7) which 
can be controlled independently. An electrical resistance (900 W) to compensate 
thermal losses heats the part below the diffuser. In the middle, a 1250 W resistance 
heats the reactor itself. In the upper part, a thermal resistance of 900 W maintains 
the temperature of the gases and vapours.  
 
 






Temperatures of the downer and upper parts are manually imposed while the 
temperature in the reactor is regulated by a thermocouple, which is placed in the 
middle of the reactor.  
The fluidised bed reactor is integrated in a system of equipment (Figure II - 7) which 
can be subdivided into two distinct parts. The part before the reactor is characterised 
by the biomass and carrier gas feed systems. The part at the reactors exit is 
composed of solid/gas separation cyclone and a condensation system for pyrolysis 
oil recovery. 
A conic hopper (1) with a capacity of 60 l allows storing of about 8 kg biomass 
(depending of the apparent density of the biomass). Charging the hopper is made 
with the help of a hermetically closed valve, which allows adding supplementary 
biomass during the experimentation if necessary. Within the hopper, an agitator has 
been integrated in order to avoid the formation of dead zones. 
At the bottom of the hopper, a stainless steel support is fixed which contains a dosing 
screw (2). A motor whose rotation velocity is controlled in order to define the reactor 
biomass-feeding rate drives this screw. Hopper and screw are posed on a balance, 
which allows online surveillance of the weight loss of the feeding systems.  
The biomass transported by the first screw passes a sluice where it falls to a second 
screw (4) which is turned by a second motor at a higher velocity in order to rapidly 
introduce the biomass into the reactor and to avoid that bed material enters the feed 
system from the reactor side. The second feed screw is chilled by an externally cold-
water double envelope in order to maintain ambient temperature, which avoids any 
possible reaction in the biomass transfer system. 
The carrier gas used to fluidise the bed material and the introduced biomass is 
nitrogen. The flow rate ܳேమ is defined by a mass flow regulator (Bürkert model 8626, 
volume flow from 0,2-10 mN3/h). This is fed by a series of two nitrogen bottles of 200 
bars each equipped with a 3 bar expander. At the exit of the expander, the nitrogen 
gas is preheated by a series of three electric resistive heaters (3) up to a temperature 
of 500°C, before it is introduced into the reactor. A low secondary flow of cold 
nitrogen (about 0.1 mN3/h) is introduced into the tube of the second feed screw in 
order to avoid the entry of gases or condensable vapours from the reactor. 
The produced char is transported out of the reactor and separated from carrier gas, 
permanent gases, and condensable vapours by a series of two cyclones (8). Their 
temperatures are hold to 450°C by electric resistive heaters in order to avoid 
condensation of vapours. The first cyclone assures the separation of the majority of 
the solid particles. The second serves to separate fine particles or to substitute the 
first one in case of its plugging. Particles are stored in collectors of a capacity of 
about 3 l. If necessary, these collectors can be emptied during experimentation due 
to hermetically tight valves.  
Hot carrier and permanent gases as well as vapours leaving the second cyclone are 
directed to the condensation zone. The latter is composed of a direct quench (9) and 
an electrostatic precipitator (11).  
The quenching system is a vertical column of seven slightly inclined horizontal plates, 





the upper part where they are immediately quenched with a finely dispersed 
hydrocarbon liquid (isoparafin, IsoparV®). Beside rapid chilling of permanent gases 
and condensation of vapours by liquid/gas contact, the quenching liquid entrains 
formed pyrolysis oils along the horizontal plates downwards to a stocking container 
(13). The interest of using such a quenching liquid consists in the low affinity to 
pyrolysis liquids and its very low density, which allows a fast decantation of pyrolysis 
oils from it in the stocking container. IsoparV® floats on the pyrolysis oils surface and 
is aspired by a peristaltic pump (Ingersoll Rand, model 66610X-X-C), chilled by a 
heat exchanger (10; length 370mm, width 160mm) and re-injected to the head of the 
quenching column. The column is chilled by glycol which is circulating in a double 
jacket and whose temperature is controlled by a cryostat (14; Lauda, type WKL 2200) 
in order to cool down the gases and vapours to about 25°C when they arrive at the 
container. 
Subsequently, the vapours pass an electrostatic precipitator (height 490mm, internal 
diameter 130mm). The principle of such a ‘filter’ is to lead the gases and aerosols 
flux between two electrodes. Between these electrodes, a high difference in electrical 
potential is maintained. One of the electrodes is the electrode of discharge; the other 
is the collecting electrode. Because of the potential difference and the discharge 
system a strong ionisation field is formed. The ionisation of gases and vapours 
consists of the dissociation of gaseous molecules into free ions.  
 
Figure II - 7: Detailed schema of the flash pyrolysis pilot plant (adapted from [13]) 
(1 – biomass storage hopper, 2 – feed screws; 3 – carrier gas pre-
heater; 4 – isolated resistive heaters; 5 – sintered disc; 6 – fluidised 
bed; 7 – freeboard; 8 – cyclones; 9 – quenching column; 10 – heat 
exchanger; 11 – electrostatic precipitator; 12 – rotameter; 13 – outlet; 
14 – cryostat; 15 – ice cold trap; 16 – cotton wool filter; 17 – flow 







When the aerosols entrained by the carrier gas pass this field, they are charged and 
displaced to the collection electrode (mass). Once attached to the collection 
electrode the ions are discharged and are easily recoverable now. In this case, the 
electrostatic precipitator consists of a central electrode, which is alimented by a high 
voltage generator (Glassman High Voltage Inc, series EL, model EL30P1.5, 0 to 
30kV) at 28kV and a cylindrical tube, which is linked to the mass. The generated 
difference in potential allows charging the aerosols, which are subsequently collected 
on the surface of the mass tube. The pyrolysis oils recovered in the electrostatic 
precipitator flow down the wall and are recovered together with the condensed 
pyrolysis oils in the IsoparV® container. As Isopar is known to partially extract some 
pyrolysis oil compounds experiment series on the same biomass are carried out with 
the same Isopar V® load to diminish the extraction effect. 
As reported in the thesis of Jendoubi [13] residual vapours not recovered by the 
systems described before, were observed. This is why the system was completed by 
further collectors at lower temperatures. At the exit of the electrostatic precipitator, a 
cold trap (15) filled with isopropanol and liquid nitrogen (estimated temperature about 
-40°C) was installed where the carrier gases and the residual vapours pass in a 
double jacket. The gases should be cooled down to temperatures between -10 and 
0°C. At the exit of this cold trap, an additional filter containing pre-dried cotton (16) 
was installed.  
Finally, a series of cold traps (18), two of which filled with isopropanol and one frit, 
cooled to -20°C in a glycol bath and a silicagel trap capturing humidity and 
isopropanol vapours were added in order to purify gases for subsequent analysis (19, 
see II.5.1.). 
A gas flow meter (17) allows leak tests before and during experimentation. 




The flash pyrolysis pilot plant is equipped with thermocouples and pressure sensors 
linked to a data acquisition system, which allows online surveillance of different parts 
of the installation. 
Thermocouples are situated at different points of the pilot plant to measure gas 
temperatures. Most important temperatures measured are: 
- In the fluidised bed at two different levels to control homogeneity of the 
fluidisation. Thermocouple T3 is situated right above the diffuser. Thermocouple 
T4 is situated at the entry of the feed screw. Both of them have a distance of 
about 40 mm from the reactor walls. 
- In the freeboard. Thermocouple T5 is situated about 190 mm above the entry of 
the feed screw. 
An example of a registered temperature profile is given in Figure II - 8. It 
characterises a flash pyrolysis experiment using rubber wood at 500°C. The values 





fluidised bed. As thermocouple T4 is closest to biomass entry, this temperature is 
defined as pyrolysis temperature. 
Pressure capturers have been placed before the fluidised bed (diffuser, P1); at the 
top of the reactor (P2), at the exit of the second cyclone (P3), at the electrostatic 
precipitator (P4) and at the cotton filter (P5). These pressure capturers are 
particularly important for the detection of eventual problems, namely plugging of the 
reactor, the cyclones, or the condensation system, which would result in an abrupt 












Figure II - 9: Pressure drop profile of a flash pyrolysis experiment with rubber wood 









































3.2.3 Protocol of a typical flash pyrolysis run 
This paragraph describes the most important steps of the operational procedure, 
which are to carry out to assure a complete mass balance of a flash pyrolysis 
experiment. 
First steps to prepare an experiment are charging and weighing of the biomass 
hopper as well as the charging of the reactor with sand (desired mass and particle 
size). The different traps for residual vapours (cotton, isopropanol, silicagel; 16 and 
18 in Figure II - 6) are prepared and weighed. It follows the preheating of the whole 
system with a low airflow until temperatures are stable. When homogeneous 
fluidisation conditions are reached (T3 = T4) the system is flushed with nitrogen 
instead of air to assure an inert atmosphere. After about 15 minutes the gas 
analysing line (18 in Figure II - 6) is connected to the system. The chilling system, the 
condensation system and the electrostatic precipitator (9, 11, 14 in Figure II - 6) are 
switched on. 
It follows a leak test by controlling the gas flow leaving (17 in Figure II - 6) the 
reactor. If this one is positive, the µGC (19 in Figure II - 6) for gas analysis is 
switched on. Oxygen measured by µGC should be inferior to 2%. The values of the 
gas meters are noted. 
When the whole installation is ready, the pyrolysis experiment can begin. By starting 
the motor of the dosing screw (2 in Figure II - 6) biomass is introduced into the 
reactor which is synonym for the beginning of the test. During the first minutes of the 
test, it is essential to observe the regularity of the temperatures T3, T4 and T5 as well 
as the pressures P1 and P2 and the volume flow of nitrogen and the mass flow of 
biomass. Temperature T4 should be close but slightly inferior to T5 and pressures 
should be stable. 
During pyrolysis reaction, temperature T4 is about 15 to 20°C lower than initially 
during the period of preheating. If this difference is too high, this indicates a not 
perfect homogeneity of the biomass in the sand bed. Temperature T4 is considered 
as temperature of pyrolysis between the beginning and the end of biomass 
introduction. 
If differences between the temperature target values and the actual values are 
observed this is a sign for operational problems. Within certain limits, it is possible to 
modify the target values, namely temperatures or the biomass input, to stabilise the 
process. Nevertheless, this is not always possible. 
An increase in pressure generally is a sign for blocking. This may happen in the 
reactor but also in the cyclone system or the flow meter. If the pressure achieves 
critical value, the experimentation must be stopped. 
The end of an experiment is defined by the end of biomass input. The value of the 
gas flow meter is noted. Gas composition is verified to detect the end of permanent 
gas emission. A low nitrogen flow is maintained to facilitate the cool down of the 
reactor under inert atmosphere. After 30 minutes, the condenser and the electrostatic 
precipitator are switched off. 
When the reactor and the whole installation are cooled down, the different products 





experiment. If there are any residues of pyrolysis products (solids or liquids) on the 
reactor and installation walls, they are recovered and weighed. The duration of an 
experiment lies between 2 and 10 hours, depending on the used biomass and the 
operational problems, which might occur during experimentation. 
 
 
4 Definitions and calculations 
Table II - 2 sums up the different definitions and expressions of the principal 
parameters used to interpret the results of thermogravimetric analysis, tubular 






Table II - 2: Expressions of masses, yields, and mass fractions used for the different pyrolysis devices 
 Slow pyrolysis (TGA) Rapid pyrolysis (Tubular furnace) Flash pyrolysis (Fluidised bed) 
Mass introduced in the reactor 
݉஻ெ Mass of biomass sample (solid/liquid) introduced into TGA, determination by 
direct measuring, air-dry 
Mass of biomass sample (solid/liquid) 
introduced into reactor, determination by 
direct measuring, pre-dried at 105°C 
Mass of biomass (solid) introduced into 
reactor during experimentation time (ݐ௘௫௣.) 
measured by mass difference of hopper 
ܳ஻ெ -- -- Average biomass mass flow rate ൌ	௠ಳಾ௧೐ೣ೛	 
Solid pyrolysis products: char 
݉௖௛௔௥ Mass of solid char recovered after experimentation, determined by TGA 
instrument 
Mass of solid char recovered after 
experimentation, determined by difference of 
the empty and char charged container mass 
Mass of solid char recovered from 
cyclones plus mass gain of the sand bed 
௖ܻ௛௔௥ Char yield obtained by dividing the total recovered char mass through the biomass mass ൌ ௠೎೓ೌೝ௠ಳಾ  
௖ܻ௛௔௥,ௗ௥௬ ஻ெ ௕௔௦௜௦ Char yield obtained by dividing recovered char mass through the 
biomass mass corrected by moisture 
content (proximate analysis)  
ൌ ݉௖௛௔௥݉஻ெ ∗ ሺ100% െ%ܪଶܱሻ 
Equal to ௖ܻ௛௔௥ (moisture correction not necessary due to biomass sample pre-
drying) 
Char yield obtained by dividing recovered 
char mass through the biomass mass 
corrected by moisture content (proximate 
analysis) 
ൌ ݉௖௛௔௥݉஻ெ ∗ ሺ100% െ%ܪଶܱሻ 




௖ܻ௛௔௥	ሺ௔௦௛ ௙௥௘௘ሻ  Char yield on ash free basis ൌ ௖ܻ௛௔௥ ൈ ଵ଴଴%ିఠೌೞ೓	೔೙	೎೓ೌೝଵ଴଴%  -- 
௖ܻ௛௔௥	ሺ௘௫௧௥௔௖௧௜௩௘ ௔௡ௗ ௔௦௛ ௙௥௘௘ሻ	 Char yield on extractive and ash free basis by assuming that extractives are entirely 
volatile (߱௢௥௚௔௡௜௖ ௦௢௟௜ௗ௦  see 2.3) ൌ ௒೎೓ೌೝ ሺೌೞ೓ ೑ೝ೐೐ሻ	ఠ೚ೝ೒ೌ೙೔೎ ೞ೚೗೔೏ೞ	 ∗ 100% 
-- 
Liquid pyrolysis products: pyrolysis oil and water 
݉௣ି௢௜௟ -- Mass of pyrolysis oil recovered after experimentation determined by mass gain of 
pyrolysis oil recovery system 
Mass of pyrolysis oils recovered from the 
recovery container (IsoparV® quench + 
electrostatic precipitator) 
௣ܻି௢௜௟ -- Pyrolysis oil yield obtained by dividing pyrolysis oil mass through biomass 
ൌ ݉௣ି௢௜௟݉஻ெ ∗ 100% 
Pyrolysis oil yield obtained by dividing 
pyrolysis oils (IsoparV® quench + 
precipitator) mass divided through 





௟ܻ௜௚௛௧ -- -- Pyrolysis oil yield obtained by dividing recovered light pyrolysis oil mass (cotton 
filter, cold traps, ...) through biomass used 
ൌ ݉௟௜௚௛௧݉஻ெ ∗ 100% 
௣ܻି௢௜௟ା௟௜௚௛௧ -- -- Overall yield of condensable pyrolysis oils ൌ ௣ܻି௢௜௟ ൅ ௟ܻ௜௚௛௧ 
௣ܻି௢௜௟,ௗ௥௬ ஻ெ ௕௔௦௜௦ -- Equal to ௣ܻି௢௜௟ (moisture correction not 
necessary due to sample pre-drying) 
Overall pyrolysis oil yield corrected for 
biomass moisture content 
ൌ ௣ܻି௢௜௟ା௟௜௚௛௧ െ %ܪଶܱ ∗ ݉஻ெ݉஻ெ െ%ܪଶܱ ∗ ݉஻ெ  ߱ுమை -- Water fraction in a pyrolysis oil sample (Isopar V® quench + electrostatic precipitator for FP) determined by Karl-Fischer titration 
ுܻమை -- Water yield calculated by dividing the total water mass through the initial biomass mass 
by assuming that all water is recovered with 
the pyrolysis oil ൌ ௠ಹమೀ௠ಳಾ	 ∗ 100% 
-- 
௣ܻି௢௜௟ሺௗ௥௬ሻ -- Pyrolysis oil yield without water in pyrolysis oil, i.e. only the organic liquids  
ൌ ௣ܻି௢௜௟ െ ுܻమை 
-- 
Pyrolysis gases
m୥ୟୱ -- Total mass of incondensable gases (see 5.1) ݉௚௔௦ ൌ Վሺ݉௓ሻ 
௚ܻ௔௦ -- Yield of incondensable gases ൌ ௠೒ೌೞ௠ಳಾ 
௚ܻ௔௦,ௗ௥௬ ஻ெ ௕௔௦௜௦ -- Equal to ௚ܻ௔௦ (moisture correction not 
necessary due to biomass sample pre-
drying) 
Gas yield corrected for biomass moisture 
ൌ ௚ܻ௔௦100% െ%ܪଶܱ ۻ܉ܛܛ ܊܉ܔ܉ܖ܋܍ 




5 Analytical techniques to characterise gaseous and 
liquid pyrolysis products 
The gaseous and liquid fractions of each pyrolysis experiment (tubular furnace and 
fluidised bed) were characterised by different analyses and tests. In this chapter the 
different methods and equipments are described. 
 
 
5.1 Gas analysis 
Within the two pyrolysis experimental set ups of this study, incondensable gases 
were analysed after gas cooling (to condensate all organics which are liquid at room 
temperature and pressure). CO2, CO, CH4, H2, C2H4, and C2H6 were quantitatively 
analysed with the help of a Micro-GC Varian CP 4900. This part describes the 
functioning and the methods applied to calculate gas composition and conversion 
yields of the principal incondensable gases. 
 
 
5.1.1 Description of apparatus 
The µ-GC apparatus is piloted by the program Galaxie and is equipped with two 
analytical modules each containing an injector, a chromatography column, an oven, 
and a thermal conductivity detector. The first analytical stream uses a Molsieve 5 Å 
heated to 130°C and flushed with argon maintaining a pressure of 150 kPa. It allows 
separating and quantifying H2, O2, N2, CH4 and CO. The second module equipped 
with a Poraplot Q column heated to 60°C and flushed with helium applying a 
pressure of 100 kPa allows quantifying CH4, CO2, C2H4, and C2H6. 
For each compound, a calibration using standard gases at five different 
concentrations enabled quantification. Using the known volume of N2 (accumulated in 
the sampling bag for the tubular furnace or defined by gas flow rate and time of 
experiment for flash pyrolysis), the weight of each gas produced was calculated by 
comparing its proportion to that of N2. 
 
 
5.1.2 Calculation of gas yields 
In each pyrolysis experiment carried out in this study, nitrogen was used as inert 
carrier gas and can be used as reference (internal standard) to quantify gases 
formed during pyrolysis experiments. The principle consists in transforming the 
measured (µGC) volume concentrations of the incondensable gases Z (Z = CO, CO2, 
H2, CH4, C2H4, C2H6) into molar quantities and finally masses and mass yields. The 
formulas can be found in Annexe 4. 
 
 
5.2 Characterisation of pyrolysis oils 
Pyrolysis oils obtained by the different experiments contain different amounts of 





water content of the recovered pyrolysis oils was carried out by Karl-Fischer-titration. 
For pyrolysis oils obtained by the tubular furnace, determined water contents had to 
be corrected by the quantity of diluting solvent. For pyrolysis oils obtained from flash 
pyrolysis, the heavy fraction was analysed in crude state. Quantification of main 
pyrolysis products of these oils via GC/MS is additionally described in this study.  
 
 
5.2.1 Water content/Karl-Fischer-Titration 
The water content of pyrolysis-oils was determined by Karl–Fischer titration (Mettler 
Toledo V20) of the liquid fraction of the pyrolysis experiments according to the 
standard test method ASTM E203-08. 
What concerns pyrolysis oils recovered after experiments carried out with the tubular 
furnace samples dissolved in analytical acetone or petroleum ether were analysed. 
What concerns flash pyrolysis oils the samples were not further diluted.  
At least two repetitions were carried out to determine the mass fraction of water 
(߱ுమைሾݓݐ%ሿ) present in the samples. Presented values are averages. 
As pyrolysis oils from the tubular oven were diluted, ߱ுమை needed to be calculated 
from the water mass concentration (߱ுమை,ௗ௜௟.) in the diluted sample: 
࣓ࡴ૛ࡻ ൌ
࣓ࡴ૛ࡻ,ࢊ࢏࢒.	∗	࢓ࢊ࢏࢒.
࢓࢖ష࢕࢏࢒          Equation II - 8 
Where ߱ுమை,ௗ௜௟., ݉ௗ௜௟. and ݉௣ି௢௜௟ are the mass concentrations of water in the diluted 
pyrolysis oil, the measured mass of the diluted pyrolysis oils and the mass of the 
pyrolysis oil respectively (see 3.1.2). 
 
 
5.2.2 GC/MS for analysis of chemical composition of pyrolysis oils 
5.2.2.1 Description of apparatus 
The GC/MS apparatus used to identify and quantify pyrolysis oil compounds was an 
Agilent Technologies 6890 N gas chromatograph coupled with an Agilent 
Technologies 5975 mass spectrometer. The chromatograph was equipped with an 
electronically controlled split/splitless port injector and a capillary column DB-1701 
(14%-cyanopropylphenyl)-methylpolysiloxane (60 m, 0.25 mm, 0.25 µm, Agilent 
Technologies). Helium was used as the carrier gas with a constant flow of 1.9 ml/min 
[8]. 
Two different GC methods were defined depending on the volatility of the compounds 
to be analysed. The first one was for highly volatile compounds. Injection was 
performed at 250°C in the split mode (split = 1/10). The oven temperature program 
was as follows: at a constant temperature of 45°C for 4 min, 45–120°C at a rate of 
3°C/min, 120–270°C at a rate of 20°C/min [8]. The internal standard used for 
quantification was toluene-d8. 
The second method was for low volatile compounds. Injection was performed at 
250°C in the splitless mode. The oven temperature program was as follows: at a 
constant temperature of 45°C for 4 min, 45–250°C at a rate of 3°C/min, 250–270°C 





quantification were phenanthrene-d10 for PAH compounds and phenol-d6 for the other 
compounds [8].  
The mass spectrometer was operated in the electron ionization mode (ionization 
energy of 70 eV). The source, the transfer line and the quadrupole temperatures 
were 230°C, 270°C, and 150°C, respectively. For each compound, the injection of 
the standard compounds at different concentrations enabled to determine the 
retention time and to draw three calibration curves for different concentration ranges. 
The quantity of each compound in the liquid fraction was measured by internal 
calibration using the curve in the appropriate calibration range [8]. 
 
 
5.2.2.2 Quantification of standard components 
In order to examine the decomposition behaviour of extractive containing biomasses 
a particular interest lies in the analysis of the chemical composition of the pyrolysis 
oils. 
After storage in the dark at 5 °C, the liquid samples were filtered (45 µm micro-filter, 
Millex-Gx) and mixed with three internal standards (1 ml of pyrolysis oil in 100 µl of 
internal standard solution). These served to quantify compounds with different 
volatility (see 5.2.2.1) [8].  
Below the hundreds of different components of pyrolysis oils from lignocellulosic 
biomasses some are regularly identified. An analytical method developed at UPR42 
of CIRAD allows quantification of 65 compounds, classified according to their 
chemical group in Table II - 3. 
A calibration for all these compounds was carried out in advance by injection and 
analysis of solutions of each of them at different concentrations containing a known 
concentration of an internal standard. Thus, the retention time of the molecules could 
have been identified and three calibration curves (in function of different 
concentration ranges) have been traced for each component.  
 
Table II - 3: Chemical groups of pyrolysis oil components 




Formaldehyde, Acetaldehyde, Glycolaldehyde, 2-Propanone-1-hydroxy, 2-cyclopenten-1-
one, 2-cyclopenten-1-one-3-methyl 
Acids Formic acid, Acetic acid, Propionic acid 
Furans Furfural, 2-furanmethanol, Benzofuran, 2-furancarboxaldehyde-5-methyl, 2,5-dimethylfuran 
Aromatics with N Pyridine, Pyridine-2-methyl, Pyridine-3-methyl, Pyridine-4-methyl, Quinoline, Isoquinoline 
Aromatics Benzene, Toluene, Ethylbenzene, (m+p)-xylene, o-xylene, Styrene, Indene, 2-methylindene, 
Phenylethyne 
Sugars Levoglucosan 
Phenols Phenol, Phenol-2-methyl, Phenol-4-methyl, Phenol-3-methyl, 3,4-dimethylphenol, 2,4-
dimethylphenol, 1-naphtalenol, 2-naphtalenol, Hydroquinone 
Guaiacols Phenol-2-methoxy, Phenol-2-methoxy-4- methyl, 2,6-dimethoxyphenol, Phenol-4-ethyl-2-




Naphtalene, Naphtalene-1-methyl, Naphtalene-2-methyl, Acenaphtylene, Acenaphtene, 
Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benzo(a)anthracene, Chrysene, 






Subsequently, the quantification of each compound present in the pyrolysis oils was 
carried out with the help of the internal calibration by applying the calibration curve of 
the appropriate concentration range. This gives the concentration of each component 
Z, ܿீ஼/ெௌሺܼሻ, in the pyrolysis oil in g/l. 
This does not reflect the actual concentration of the compound Z in the pyrolysis oil 
as the latter was diluted. With respect to the dilution the mass concentration of 
compound Z, ߱௣ି௢௜௟ሺܼሻ, in the recovered pyrolysis oil is: 
࣓࢖ି࢕࢏࢒ሺࢆሻ ൌ ࢉࡳ࡯/ࡹࡿሺࢆሻ∗ሺࢂ࢖ష࢕࢏࢒ାࢂ࢙࢕࢒࢜.ሻ࢓࢖ష࢕࢏࢒       Equation II - 9 
 
Where ௣ܸି௢௜௟, ௦ܸ௢௟௩. and ݉௣ି௢௜௟ are the volume of the pyrolysis oil produced, the 
volume of the solvent used for dilution and the total mass of pyrolysis oils produced, 
respectively. The volumes are calculated from massed pre-dominantly measured 
(see 3.1.2): 




The pyrolysis oil density (ߩ௣ି௢௜௟) was assumed to be 1.2 g/ml, the solvent densities 
are 0.79 g/ml for acetone and 0.647 g/ml for petroleum ether, respectively. 
In a further step, it is possible to calculate the mass concentration of each compound 
Z (߱௢௥௚.ሺܼሻ) on dry pyrolysis oil basis, i.e. in the organic phase: 
࣓࢕࢘ࢍ.ሺࢆሻ ൌ ࣓࢖ష࢕࢏࢒ሺࢆሻሺ૚ି࣓ࡴ૛ࡻ/૚૙૙%ሻ        Equation II - 10 
 
Where ߱ுమை is the water content in the pyrolysis oil determined in 5.2.1. 
With the dry pyrolysis oil yield, ௣ܻି௢௜௟ሺௗ௥௬ሻ, defined in Table II - 2, one can calculate 
the yield of each individual compound Z: 
ࢅ࢕࢘ࢍ.ሺࢆሻ ൌ ࣓࢕࢘ࢍ.ሺࢆሻ∗ࢅ࢖െ࢕࢏࢒ሺࢊ࢘࢟ሻ૚૙૙%          Equation II - 11 
 
 
5.2.2.3 Subdividing pyrolysis oil compounds in groups of different retention time 
Pyrolysis oils of pure extractives and extractive rich biomasses contain numerous 
compounds, which cannot be quantified by the method used to quantify typical 
compounds for lignocellulosic biomass pyrolysis oils. The most abundant of these 
compounds were identified by the NIST MS 2.0 library but no calibration curve was 
available to quantify these compounds. Thus, a semi-quantifying method was used, 
as a first approach, by defining relative area percentages of individual molecules in 
accordance to many other authors [16-19]. 
Initially, non-pyrolysed extractives, i.e. CNSL, jatropha oil and shea butter were used 
to verify whether the GC/MS column utilised before is capable to separate individual 
compounds. Preliminary tests performed with CNSL revealed that its individual 
components could indeed be detected by the pyrolysis oil method. The area 





retention time spans, i.e. compounds with retention times nearby un-pyrolysed CNSL 
and compounds with retention times inferior to this which were supposed either to be 
cracked CNSL or from lignocellulosic origin. 
 
The aforementioned column (see page 1354) was not suitable to separate 
triglycerides. Therefore, jatropha and shea samples were additionally injected into a 
Varian VF-5HT (15 m, 0.32 mm, 0.1 µm) chromatography column adapted to analyse 
triglycerides and fatty acids. Injection was carried out in the splitless mode (injection 
temperature 350°C); helium with a flow rate of 2.5 ml/min was used as carrier gas. 
The oven temperature program was as follows: at a constant temperature of 50°C for 
1 min, 50-150°C at a rate of 15°C/min, 150–230°C at a rate of 7 °C/min, 230-370°C 
at a rate of 10°C/min. 
In equivalence to the cashew samples, a semi-quantitative sum of area percentages 
for different retention time spans was calculated. The applied method allows 
separating fatty acids, mono-, di- and triglycerides at retention times from 9-15 min, 
15 - 25 min, 25 - 30 min and > 30 min respectively. 
 
 
6 Physical characterisation and stabilisation of pyrolysis 
oils 
A very important fuel characteristic is viscosity. The capacity of a liquid fuel to flow is 
important for pumping, pipeline transfer and engine injection. Viscosity of pyrolysis oil 
has been shown to differ widely. Thus, the viscosity of pyrolysis oils from biomasses 
of non-lignocellulosic origin is interesting to investigate. The following chapter 
describes the apparatus used to determine the rheological behaviours and the 
viscosities of the flash pyrolysis oils as well as the procedures applied to obtain 
pyrolysis oils/methanol mixtures and blending with other liquid renewable fuels. 
 
 
6.1 Description of apparatus 
The rheological tests have been carried out using a rotary viscometer “Rheometrics 
RFS II” under permanent and dynamic mode.  
Pre-liminary test were carried out using concentric cylinder geometry. Nevertheless, 
due to the special structure of the pyrolysis oils and their strong tendency to phase 
separate a plate and cone geometry (Figure II - 10) was used which allowed an 
optical investigation of the sample before and after the different tests (photography 
documentation of the appearance, phase separation).  
The rheometer is linked to a surveillance PC, using the ‘Orchestrator 6.5.8 ’program, 
for online data acquisition and treatment. 
It is possible to impose a temperature with an externally heated water flow, which 







Figure II - 10: Cone and plate geometry of the rotary viscosimeter 
 
 
6.2 Measuring principle 
The pyrolysis oils were stocked in the refrigerator at about 5°C and in the dark. For 
the rheological analysis described in the following, it was necessary to heat the 
pyrolysis oils to room temperature. To avoid numerous heating and cooling of the 
whole pyrolysis oils, samples of about 50 ml were taken. These samples were 
stocked in the refrigerator as well. Prior to analysis, they were heated to room 
temperature and strongly shaken for homogenization. 
The previously described apparatus allows carrying out different tests with the fluids 
to investigate. 
For the basic rheological characterisation of the pyrolysis oils a thixotropic loop test 
(from ancient greek: θίξις = thixis, “touch” + -tropy) was applied at 25°C. This test 
allows tracing the evolution of the shear stress and the viscosity in function of the 
applied shear rate. The thixotropic loop test was carried out by increasing the shear 
rate from 0 to 50/s over one minute followed by a shear rate decrease from 50 to 0/s 
during a further minute. The test was repeated twice on the same sample in order to 
investigate results repeatability. 
This measuring program was also applied to the samples at elevated temperatures, 
namely 40, 60, and 80°C, in order to investigate the temperature dependency of the 
examined pyrolysis oils. 
Methanol has been proven to be a good additive to stabilize pyrolysis oils [20]. Thus, 
stepwise methanol addition was carried with the following concentrations for the 
rubber wood pyrolysis oil sample: 2.5; 5.0; 7.5; 10.0; and 15.0 wt%. As most of the 





to 3.5% to facilitate homogenization. The following methanol concentration steps are 




6.3 Pyrolysis oil formulations with vegetable oil, biodiesel, and 
CNSL 
Although methanol is effective and additionally not expensive [21], it is not readily 
available in West Africa, in particular in Burkina Faso. Thus, other additives are 
necessary to find. In West Africa, jatropha vegetable oil, jatropha biodiesel, and 
CNSL are available to a certain extent. 
As described in Chapter I jatropha seeds are pressed to obtain the vegetable oil, 
which is a “First generation” bio-fuel. Converting the so far unexploited press cake in 
to the “Second-generation” bio-fuel ‘pyrolysis oil’ would increase the “bio-fuel-yield” of 
the whole jatropha valorisation chain. If parameters were found to stabilize the 
pyrolysis oil from jatropha (and other press cake) with the vegetable oil or the 
biodiesel, this would be beneficial. Vegetable oil production by mechanical extraction 
and the production of the pyrolysis oil of the press cake could take place in the same 
place, which would result in a “bio-refinery” system to transform the whole grains into 
fuels. 
CNSL could be used as wood preservation, brake linings, a primer for surface 
coatings and mouldings. Unfortunately, for the moment there is no market for the 
CNSL in West Africa. Its high HHV makes it interesting as a fuel as such [22, 23]. 
The mechanical treatment of cashew nut shells to press the CNSL transforms them 
into a press cake, which has so far no application as well. Thus, cashew nut 
production, shell pressing, and pyrolysis oil production via flash pyrolysis as well as 
mixing with CNSL would be possible in a bio-refinery concept. 
The mixing of flash pyrolysis oils with vegetable oil, biodiesel, or CNSL additional 
would profit from the HHV of these additives. 
As the aforementioned liquid fuels are non-polar, they are not miscible in pyrolysis 
oil. Thus, it is necessary to emulsify them with the pyrolysis oils. Mixtures were 
formulated with and without emulsifying agent addition, using Ultra-Turrax T50 (IKA(R) 
Labortechnik) agitator, under 10.000 rpm.  
The stability of the obtained emulsions was evaluated with the help of a rheological 
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It is essential to analyse their biomass composition to better understand the influence 
of varying extractive contents on the pyrolytic decomposition behaviour. Aim of this 
chapter is to present and discuss the characterisation of the studied biomasses 
(extractive contents, macromolecular composition, ultimate and proximate analysis). 




1 Extractive contents 
As the subject of this study is to characterize pyrolytic behaviour of extractive rich 
biomasses, it is essential to determine the actual extractive content of these samples. 
Table III - 1 resumes the results of extractive contents obtained by hexane Soxhlet 
extraction of rubber wood, cashew nut shells, jatropha and shea nuts and the 
corresponding cakes.  
The extractive content of rubber wood (4.2%) lies in the order of magnitude of typical 
values reported for hardwoods [1]. Despite rubber wood is known to produce latex, 
this low content may be due to a rather low proportion of bark in the feedstock (where 
extractives are known to be concentrated) or to extractive degradation/volatilisation. 
The total amount of wood extractives is known to decrease during storage [2]. It is 
supposed that rubber wood was cut and chopped several weeks prior to 
experimentation, which might be the reason for the low extractive content. 
The extractive contents of the crude cakes are three to four times higher (12-15%) 
which defines the context of this thesis. The crude CNS and nuts contain amounts of 
extractive material ranging from 34% (jatropha) to 53% (shea). The relatively large 
difference between these oil-bearing fruits might be explained by the fact that 
jatropha nuts are analysed with their hull while shea nuts are de-hulled.  
 
Table III - 1: Hexane extractive contents of biomasses 
Rubber 
wood 
Cashew Jatropha Shea 
Crude CNSc CNS Crude Jc Nut Crude Sc Nut 
4.2 15.3 36.5 12.3 34.3 14.9 52.7 
 
It is recommended to carry out extraction on non-woody biomasses in two steps 
(water and organic solvent) prior to macromolecular analysis [3]. Table III - 2 sums 
up the extractive amounts removed from dry samples by two-step extraction with hot 
water and petroleum ether. 
Two-step extraction removes more material from the sample compared to one-step 
extraction with hexane (Table III - 1). The water extraction makes more material 
available for extraction with an un-polar solvent. The obtained extractive contents 
from petroleum ether extractions are higher than those obtained by hexane 
extraction. Hot water treatment (estimated temperature about 95°C) causes a slight 





also might occur increasing the accessibility of pores for the solvents. Especially for 
CNSc (containing 15.3% hexane extractives), hydrolysis is likely to happen as it is 
improbable that 64.8% (sum of water and petroleum ether extractives) are liquid non-
structural material. 
However, in the following the term ‘two-step extracted cake’ is the residue of the 
water/petroleum ether extraction, which is in agreement with the proposed procedure 
described in II.2.1. 
 
Table III - 2: Results of water/petroleum ether extraction of dry CNSc, Jc and Sc 
 Crude CNSc Crude Jc Crude Sc 
Water extractives (db) 26.5 % 6.6 % 11.0 % 
Petroleum ether extractives (db) 38.3 % 14.5 % 26.1 % 
Sum extractives (db) 64.8 % 21.1 % 37.1 % 
 
 
2 Macromolecular composition of the biomass samples 
2.1 Crude results of the applied analysis procedure 
The procedure applied to determine lignin, hemicelluloses and celluloses content 
was validated with hexane extracted rubber wood (Table III - 1). The contents are 
28%, 27%, and 45% respectively. These values are comparable with values found in 
literature for hard woods in general but also for rubber wood in particular [5, 6]. It is 
not clear on which basis the values reported in literature are presented, applied 
solvents are not given. It is worth mentioning that the values of this study are on 
hexane extractives free basis. However, the ash, which might influence the results of 
these, analyses (partial solubility in acidic solution), is not taken into account. 
Concerning rubber wood, this is not crucial, as ash content (presented later, Table III 
- 4) is low. 
For two-step extracted CNSc, i.e. on water and petroleum ether extractives free 
basis, the composition in lignin, hemicelluloses, and celluloses contents are 27%; 
59% and 14% respectively (Table III - 3). As macromolecular compositions of CNS or 
CNSc have never been reported before, comparison with literature is not possible. 
As already discussed in the theoretical part (Chapter I) the composition determination 
of oil-fruit biomasses is complex and results in literature are differing widely and are 
hardly comparable. The results of macromolecular composition analyses of two-step 
extracted jatropha and shea cake are shown in Table III - 3. Analogical to the 
presented procedure (Chapter II.2.2) cellulose is calculated by difference, i.e.: 
࡯ࢋ࢒࢒࢛࢒࢕࢙ࢋ ൌ ࢘ࢋ࢙࢏ࢊ࢛ࢋ	࢕ࢌ	࢝ࢇ࢚ࢋ࢘	ࢇ࢔ࢊ	࢖ࢋ࢚࢘࢕࢒ࢋ࢛࢓	ࢋ࢚ࢎࢋ࢘	ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢕࢔	 െ	ሺ࢒࢏ࢍ࢔࢏࢔
൅ ࢎࢋ࢓࢏ࢉࢋ࢒࢒࢛࢒࢕࢙ࢋ࢙ሻ 
 
Table III - 3: Crude results of composition analyses of two-step extracted cakes 
 CNSc Jc Sc 
Lignin 27 % 38 % 60 % 
Hemicelluloses 59 % 47 % 88 % 






The high contents of hemicelluloses and lignin result in negative values for the 
cellulose content of the shea sample and lead to the conclusion that hemicelluloses 
and lignin determinations are falsified by the presence of other material. Therefore, 
the results presented in Table III - 3 are not consistent for shea and doubtable for 
jatropha as well. 
 
 
2.2 Correction of crude results of composition analyses 
This section aims on the correction of the obtained experimental values presented 
above for the composition of two-step extracted cake to give the composition of 
crude cake. 
Compounds other than lignin, hemicelluloses, and cellulose are considered to widely 
be removed by two-step extraction. However, this consideration has its practical 
limits, as it is known that proteins (and ash) are not entirely removed. Nevertheless, 
with the applied methodology and the equipment available the following examination 
is the only way to correct the crude experimental results. 
 
Concerning crude CNSc, the composition in lignin, hemicelluloses and cellulose 
(Table III - 3) must be corrected mathematically for the extractives (Table III - 2): 
ࡸ࢏ࢍ࢔࢏࢔	࢕ࢌ	ࢉ࢛࢘ࢊࢋ	࡯ࡺࡿࢉ
ൌ ࡸ࢏ࢍ࢔࢏࢔	࢕ࢌ	࢚࢝࢕ െ ࢙࢚ࢋ࢖	ࢋ࢚࢞࢘ࢇࢉ࢚ࢋࢊ	ࢉࢇ࢑ࢋ ∗ ሺ૚૙૙%
െ࢝ࢇ࢚ࢋ࢘	ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ െ ࢖ࢋ࢚࢘࢕࢒ࢋ࢛࢓	ࢋ࢚ࢎࢋ࢘	ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ሻ/૚૙૙%	 
 
Same correction has to be done for hemicelluloses and cellulose. The composition of 
crude CNSc is shown in Figure III - 1 where water and petroleum ether extractives 
comprise the hexane extractives presented in 2.1. Hemicelluloses and celluloses are 




Figure III - 1: Composition of crude CNSc (water and petroleum ether extractives 

















The examination is more complex concerning jatropha and shea whose crude results 
of the analysis of lignin, hemicelluloses, and celluloses were inconsistent. It is worth 
mentioning once again that protein, i.e. acid insoluble protein, is known to interfere 
with acid insoluble lignin determination [3, 7]. Thus, it can be assumed that the lignin 
determination must be corrected for protein. Furthermore, the very high 
hemicelluloses content, especially for two-step extracted shea cake, suggests that 
the applied procedure is not applicable for oil-bearing fruits or their cakes. 
In order to correct the crude analyses results for two-step extracted Jc and Sc into 
the overall composition of crude Jc and Sc a row of complementary analyses, 
simplifications and mathematical calculations become necessary. Thus, not only 
results from the extractives analyses are needed but also results of ultimate and 




2.2.1 Method to estimate protein content in jatropha and shea 
Ash and nitrogen content of crude jatropha and shea cake in Figure III - 2 are results 
of proximate and ultimate analyses (see III.3). Protein content is determined indirectly 
by a nitrogen-to-protein factor. For reasons of simplicity, a nitrogen-to-protein factor 
of 6.25 was applied here to estimate protein content. 
 
 
2.2.2 Method to calculate the corrected lignin content 
Lignin content is experimentally determined after water and petroleum ether 
extractions. The residue from the two extraction steps is analysed subsequently for 
ash and nitrogen content. The nitrogen content is the basis to calculate the (residual) 
protein content in two-step extracted cake. As one can see, two extraction steps 
result in a relative accumulation of proteins in the cake. Finally, the lignin content is 
determined. 
This experimentally obtained lignin content must be corrected by the ash and protein 
contents (by difference) assuming that all ash and protein present in the two-step 
extracted cake are remaining in the solid after acid treatment. It is worth mentioning 
that this is a simplifying reflection. The corrected lignin content of two-step extracted 
cake is: 
ܥ݋ݎݎ݁ܿݐ݁݀	݈݅݃݊݅݊	 ൌᇱ ܿݎݑ݀݁ᇱ݈݅݃݊݅݊ െ ݌ݎ݋ݐ݁݅݊	 െ ܽݏ݄ 
 
This corrected lignin content of the two-step extracted cakes can be converted to the 
lignin content of the crude cake by applying the water and petroleum extractives: 
ܮ݅݃݊݅݊	݅݊	ܿݎݑ݀݁	ܿܽ݇݁







Figure III - 2: Basic analysis steps for macromolecular composition determination of 
cakes of oil-bearing fruits 
 
 
2.2.3 Combined hemicelluloses and celluloses content 
The combined hemicelluloses and celluloses content of the crude cake can be 
estimated by difference: 
ܪ݈݈݁݉݅ܿ݁ݑ݈݋ݏ݁ݏ	&	ܥ݈݈݁ݑ݈݋ݏ݁ݏ
ൌ 100%െ ܲݎ݋ݐ݁݅݊	݅݊	ܿݎݑ݀݁	ܿܽ݇݁ െ ܮ݅݃݊݅݊	݅݊	ܿݎݑ݀݁	ܿܽ݇݁
െ ܣݏ݄	݅݊	ܿݎݑ݀݁	ܿܽ݇݁ 
 
The estimated overall compositions of crude jatropha and shea cake are given in 
Figure III - 3. 
 
 
Figure III - 3: Composition of crude jatropha (A) and shea cake (B) (water and 

























1) Ash content 
2) Nitrogen content 
3) Crude protein 
4) Water extractives
5) Petroleum ether  
     extractives 




Jatropha Shea Comment 
6.2 5.8 Analysis result












4.0 2.7 Analysis result
25.0 16.7 Calculated
37.9 60.3 Analysis result
6) Remaining Ash 
7) Remaining nitrogen 







2.2.4 Discussion of the calculated values for crude cakes 
- Protein content 
Due to the higher nitrogen content in crude Jc compared to crude Sc the calculated 
protein content is higher for jatropha (20.9%) than for shea (10.0%). When 
comparing with protein values from literature it is important to take into account the 
extractible material. These principally correspond to vegetable oil, depend on press 
efficiency, and might differ which results in an influence on overall nitrogen content 
and thus protein content. Bhattacharjee et al. [8] reported a protein content of 23.5% 
(+/- 1.5%) with simultaneous crude fat content of 14.8% (+/- 0.5%) for crude jatropha 
cake. These values are in the same order of magnitude as results found here. 
Concerning crude Sc values found in literature differ more compared to results found 
here. For vegetable oils contents of 15.8% or 13.8% protein contents of 17.7 or 
17.3% respectively have been reported [9, 10]. 
 
- Lignin content 
Crude jatropha cake contains 4 times less lignin (6.2%) than crude shea cake 
(24.4%). A lower lignin content of jatropha compared to shea is in agreement with 
literature even though the lignin content of crude jatropha cake is relatively low. 
Lignin contents of crude Jc cake reported in literature differ from 12 [11] to 24% [12]. 
Lignin content of shea cake is reported to be about 30% [13, 14]. 
 
- Hemicelluloses and cellulose content 
The combined hemicelluloses and cellulose content of crude jatropha cake is twice 
as high (45.7%) compared to crude shea cake (22.7%). The fact that jatropha nuts 
were pressed with shell which contains 40.0% of hemicelluloses and cellulose [12] is 
the reason for this difference. 
Jatropha cake has been reported to contain 42.9% carbohydrates [8] which is a value 
very close to the result of this study. Cellulose and hemicelluloses content of jatropha 
cake was reported to be 13.5% and 26.8 respectively by Liang et al. [11]. 
Cellulose content of shea cake is reported to be 26% [13] or 30% [14] respectively; 
the content of hemicelluloses is not given. Hemicelluloses content of Sc was reported 
to be 1.0 by Atuahene et al. [9]. However, cellulose and hemicelluloses are likely to 
be between 20 and 30%, so results found here are within this range. Press cakes of 
oil-bearing fruits also might contain starch (<6% for de-fatted jatropha meal [15], 7.6 
for shea kernel [16]) which was not determined here. Starch can be regarded to be 
combined with carbohydrates, i.e. hemicelluloses and cellulose. 
 
The precise determination of macromolecular composition of oil-bearing fruits is very 
complex, expensive and requires equipment that has not been available in the 
laboratory (determination of complete amino acid profile or HPLC determination of 
starch [3, 17, 18] for example). 
However, focus of interest was the influence of extractives on pyrolysis behaviour of 
the biomasses. Detailed analyses of the macromolecular composition, therefore, are 





3 Physico-chemical properties 
Higher heating values, results of proximate and ultimate analyses for all samples 
listed in Table III - 4 are in function of the extractive content (hexane), the key 
parameter of this thesis. 
Based on the rather low extractive content and on the results of ultimate and 
proximate analyses, and HHV (Table III - 4), rubber wood can serve as an ordinary 
lignocellulosic/woody reference. 
Determining the water content of biomasses is of crucial importance in thermo-
chemical conversion processes. Especially, when the pyrolysis oil production is the 
objective feed drying to water contents below 10 wt% is required [19]. The water 
contents of the crude cakes (Table III - 4) are low which implies that a pre-drying 
prior to pyrolysis would not be necessary.  
Proximate analysis of two-step extracted and de-oiled press-cakes differ from wood. 
The VM is lower which results in higher fixed carbon. Collard et al. reported that 
hemicelluloses yield in less VM compared to celluloses under equal (rapid) pyrolysis 
conditions [20]. The high hemicelluloses content might explain the lower yield in VM 
of two-step extracted and de-oiled CNSc compared to wood. The VM especially for 
de-oiled shea cake is very low (comparable to the results found in reference [21]) 
which might be explained by the higher lignin content compared to jatropha cake.  
Ash contents are significantly higher in de-oiled Jc and Sc, (and slightly higher in de-
oiled CNSc) which is in agreement with values reported for seeds/nuts and their 
cakes [21-23]. High ash content causes trouble in biomass pyrolysis due to its 
tendency to catalyse cracking reactions thus resulting in a lower liquid yield. If 
inorganic matter is transferred to the pyrolysis oil it might cause polymerisation 
reactions which lower its storage stability.  
The ash content of all two-step extracted cakes indicates that water extraction 
diminishes mineral material in the sample. 
The methods applied in proximate analyses are adapted to solid fuel and therefore 
have not been carried out for crude extractives. However, volatility and charred 
residues for extractives are discussed in the following sections. 
The HHV, C, and H content of two-step extracted and de-oiled oil-fruit press cakes 
are close to rubber wood while nitrogen and oxygen content differ. Two-step 
extracted and de-oiled Jc and Sc consist of significantly higher (N) and lower (O) 
contents linked to proteins (average N and O contents are 16% and 19% respectively 
[24]. 
A further noticeable result is the strong correlation of VM to extractive content. High 
extractive content refers to high VM content and low FC due to the high volatility of 
the liquid extractives. Nevertheless, due to the low VM content of de-oiled cakes, the 
VM of extractive-rich biomasses do not exceed the VM of wood.  
The energy content is rising proportionally with extractive content expressed in terms 
of HHV and O/C, H/C values. This is due to the HHV (33-39 MJ/kg) of crude 





Although there are some differences, namely in terms of proximate analysis, between 
the woody reference and the de-oiled press cakes and in terms of nitrogen content 
indicating high protein contents, it is assumed that these are closest to lignocellulosic 
biomasses due to results in ultimate analysis. Especially de-oiled CNSc might be 
considered as lignocellulosic, as the differences compared to wood in terms of 
proximate analysis are the smallest. 
Because of the low VM of de-oiled cakes, higher char yields compared to wood 
under similar pyrolysis conditions are expected. The high nitrogen content in oil-fruit 
presscakes might result in high nitrogen content in pyrolysis char, nitrogen containing 
pyrolysis oil compounds, and nitrogen containing gases. 
 
A study on applicability of correlations to predict higher heating values of biomasses 
from the results of ultimate and proximate analysis is given in Annexe 5. Among the 
evaluated correlation the one of Channiwala and Parikh [28] is most suitable for 






Table III - 4: Extractive content, HHV, proximate and ultimate analyses of Rubber wood, cashew, jatropha and shea samples 
Biomass Rubber wood 

























 ࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙(db) [wt%] 4.2 0.0  ~0.0x 15.3 36.5 0.0 ~0.0x 12.3 34.3 0.0 ~0.0x 14.9 52.7











%H2O [wt%] 11.6 6.5 8.2 10.7 8.2 6.0 5.9 8.5 4.3 7.6 6.9 6.5 3.7
%VM (db) [wt%] 82.7 77.8 74.4 77.7 84.5 71.4 70.3 72.9 80.3 62.9 62.7 68.9 83.8
%ࢇ࢙ࢎ (db) [wt%] 0.5 1.0 2.5 2.4 1.9 5.0 6.8 6.2 4.7 4.9 6.7 5.0 3.2
					%ࢇ࢙ࢎࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ ࢌ࢘ࢋࢋ[wt%] 0.6 1.0 2.5 2.8 3.0 5.0 6.8 7.0 7.1 4.9 6.7 5.9 6.8
%FC* 16.8 21.1 23.1 20.0 13.6 23.5 23.0 20.9 15.0 33.2 30.6 26.1 13.0
    %FCextractive free [wt%] 17.6 21.1 23.1 23.6 21.4 23.5 23.0 23.9 22.9 33.2 30.6 30.7 27.4










%N (db) [wt%] 0.3 0.9 0.5 0.5 0.5 4.0 2.1 3.3 4.1 2.7 2.3 1.6 1.4
%C (db) [wt%] 49.9 48.4 47.9 51.1 58.1 49.4 49.7 49.5 57.4 49.7 49.6 53.8 64.0
%H (db) [wt%] 5.8 5.7 5.9 6.1 7.1 5.7 5.9 6.2 7.7 5.1 5.3 6.4 8.8
%O* [wt%] 43.5 44.0 43.2 39.9 32.4 35.8 35.5 34.8 26.2 37.7 36.1 33.2 22.6
H/C (molar) 1.39 1.41 1.47 1.44 1.46 1.38 1.42 1.51 1.62 1.23 1.28 1.43 1.65
O/C (molar) 0.65 0.68 0.68 0.59 0.42 0.54 0.53 0.53 0.34 0.57 0.55 0.46 0.27
db ... dry basis, VM ... Volatile Matter, FC ... Fixed Carbon, * ... by difference, x ... Hexane extractive contents of de-oiled cakes were 




4 Thermo-chemical decomposition behaviour 
Thermogravimetric analysis (TGA) is used to describe and evaluate thermo-chemical 
decomposition behaviour of organic matter. This chapter describes the results of 




4.1 TGA of rubber wood 
The thermogravimetric analysis of rubber wood revealed a dTG curve similar to any 
other wood sample. Figure III - 4 shows a sharp celluloses decomposition peak at 
about 360°C and a shoulder at 300°C referred to hemicelluloses decomposition [29-
31]. 
 
Figure III - 4: dTG curves of crude and extracted rubber wood (20°C/min, Ar 
atmosphere) 
 
It is evident from this figure that low wood extractive concentration does not 
significantly influence the thermo-chemical decomposition as already reported by 
Guo et al. [32] and Mészros et al. [33]. Extractive decomposition/volatilisation occurs 
in a temperature range from 150-600°C and therefore overlaps with the 
decomposition of the solid macromolecules [33]. Main decomposition steps of 
extractives occur in the temperature range of 200-300°C which is the hemicelluloses 
decomposition temperature range. 
 
 
4.2 TGA of cashew samples with different extractive contents 
Cashew nut shells contain not only lignin, cellulose and hemicelluloses but also a 
certain amount of extractive material, namely CNSL. Thus, it is necessary to study 
the thermal decomposition behaviour of cashew samples containing different 































Figure III - 5 shows the dTG profiles of two-step extracted and de-oiled CNSc 
samples. The two-step extracted CNSc dTG curve resembles a wood dTG profile. A 
distinct peak at 346 °C indicates celluloses decomposition. This peak is less intense 
compared to wood, which is in agreement with the lower celluloses content of two-
step extracted CNSc compared to wood (see 2.1). 
This peak has two shoulders at lower temperatures, one of which certainly is 
attributed to hemicelluloses decomposition. The beginning of hemicelluloses 
decomposition is at lower temperatures and thus covers a wider temperature span, 
which confirms the high hemicelluloses content determined before (see 2.1). The 
steady weight loss at high temperatures is dedicated to slow lignin decomposition. 
From these findings, one can conclude that two-step extracted CNSc widely behaves 
similar to wood during pyrolysis. 
The dTG profile of de-oiled CNSc reveals two supplementary weight loss peaks at 
239 and 304°C where the two-step extracted CNSc shows slight shoulders. Thus, in 
contrast to what has been said above (see III.3), de-oiled CNSc cannot entirely be 
considered as lignocellulosic. The additional peaks compared to two-step extracted 
CNSc must be due to decomposition of water extractives. Thus, the water treatment 
extracts a part of the hemicelluloses. It is also evident that hexane extraction does 
not entirely remove CNSL as will be shown later (Figure III - 6 and Figure III - 7). This 




Figure III - 5: dTG curves of two-step extracted and de-oiled CNSc (20°C/min, Ar 
atmosphere) 
 
The dTG curve of crude CNSc (Figure III - 6) shows 4 distinct peaks. The first one at 
100°C reflects water release. The second (239 °C) and the third (301 °C) are in the 
same regions as for de-oiled cake and thus must be due to hemicelluloses and 
extractives decomposition respectively. The fourth (333 °C) represents celluloses 





























compared to the cellulose peak. This is in agreement with the results of 
compositional analyses (2.2). These results are in partial accordance with the results 
presented by Tsamba et al. [34], who analysed the thermal decomposition of dried 
CNS in TGA at different heating rates and reported two different peaks for 
hemicelluloses (340 °C) and cellulose (395 °C) decomposition.  
The pyrolytic decomposition of CNS (Figure III - 6) is dominated by a peak at about 
275 °C which is evidently due to CNSL decomposition which can be seen from 
Figure III - 7 tracing the dTG curves of crude and Büchner filtered and heated (105°C 
for two hours) CNSL. The peak for celluloses decomposition in Figure III - 6 slightly 
shifted to a lower temperature (331 °C) compared to the two-step extracted cake 
probably due to overlapping with extractive decomposition. 
 
 
Figure III - 6: dTG curves of crude CNSc and CNS (20°C/min, Ar atmosphere) 
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The dTG graph of the pure CNSL has a small peak at 177 °C which is due to a de-
carboxylation reaction of anacardic acid [35] releasing CO2. The main decomposition 
peak of CNSL, probably due to cleavage and/or volatilisation of the meta-
alkylphenols occurs at 284 °C. An additional peak is observed at 454 °C, which might 
be due to entire decomposition/rearrangement of (polymeric) char intermediates. 
This two-step mass loss was already documented by Papadopoulou and Chrissafis 
[36], but at lower temperatures due to a lower heating rate (5 °C/min). 
Anacardic acid de-carboxylation is overlapped with water release from CNS in Figure 
III - 6 which results in a peak between the normal drying temperature and de-
carboxylation at 128 °C. 
The results for CNS are in partial accordance with other works [34] where presence 
of CNSL was not discussed. The slight peak at 500 °C was exclusively referred to 
lignin decomposition while it is evident from the results of this work that some CNSL 
still decomposes in this temperature range too. Wilson et al. [37], who carried out 
thermogravimetric analysis of CNS at a heating rate of 10 °C/min with a maximum 
temperature of 1200 °C, erroneously referred the main decomposition peak at about 
300 °C uniquely to hemicelluloses decomposition, but they did not discuss the 
second important peak at 350 °C neither the small one at about 480 °C. 
The decomposition/volatilisation of the extractive CNSL takes place in the same 
range of temperatures as for hemicelluloses. This implies that formation of 
intermediate decomposition products maybe in the form of radicals of both, 
hemicelluloses and CNSL, might result in interactions during the thermo-chemical 
decomposition of CNS. In contrast, the presence of CNSL should not significantly 
influence the decomposition reactions of celluloses, as CNSL is almost entirely set 
free. At higher temperatures (400-450°C) a small amount of remaining CNSL 
intermediates decompose in a temperature range where lignin decomposition still 
takes place, which also might result in interaction reactions. 
In Annexe 6 superposition of dTG from two-step extracted CNSc and CNSL as well 
as de-oiled CNSc and CNSL results in dTG curves which fit quite well with the dTG 
curves from CNS and crude CNSc. Peaks of the curves obtained by tracing the 
average of every dTG point are in the same temperature ranges but with different 
intensities. Thus, it might be deduced that CNSL and the solid matrix of crude CNSc 
or CNS do not significantly interact during decomposition. Independent and parallel 
decomposition of the extractive CNSL and the lignocellulosic matrix is probable. 
 
 
4.3 TGA of oil-fruits with different extractive contents: jatropha and 
shea 
Jatropha and shea cakes contain not only lignin, cellulose and hemicelluloses but 
also proteins and vegetable oil as important constituents (see 2.2, Figure III - 3). TGA 
experiments were carried out on jatropha and shea samples containing different 





Figure III - 8 shows the profiles of the two-step extracted and de-oiled cakes. The 
dTG curve of two-step extracted Jc (left) resembles the profile of lignocelluloses 
although the cellulose peak is less intense compared to wood but more evident 
compared to the two-step extracted Sc (Figure III - 8, right) dTG curve. This is in 
agreement with results of macromolecular composition analyses (2.2, Figure III - 3). 
The comparison of the two dTG curves of the two-step extracted cakes confirms that 
there is less cellulose in shea compared to jatropha. Shea is pressed without shells 
in contrast to jatropha, which consequently contains more fibre material. A shoulder 
from hemicelluloses decomposition is present in both dTG curves of two-step 
extracted cakes.  
Each of the curves for de-oiled cakes has a shoulder or even a distinct peak at about 
250°C. Those are linked to water extractives decomposition probably protein [38] 
overlapping with hemicelluloses. These peaks do not occur in the curves of two-step 




Figure III - 8: dTG curves of two-step extracted and de-oiled Jc (left) and Sc (right); 
(20°C/min, Ar atmosphere) 
 
The dTG curves of crude cakes and nuts of jatropha and shea are presented in 
Figure III - 9. Pyrolysis of crude cakes is characterised by four distinct peaks. The 
first ones are due to water release from the sample. The second (about 230°C) and 
the third (about 330°C) are indicators for protein/hemicelluloses and celluloses 
decomposition in equivalence to de-oiled cakes. The forth slight one (about 390°C) 
which is not present in de-oiled cakes must be due to the triglycerides. For Jc the 
fourth peak is smaller compared to the nut, as the triglyceride concentration in Jc is 
smaller than in Sc (see III.1).  
The triglyceride content in nuts is significantly higher, which results in dTG profiles 


















































Thermogravimetric experiments were also carried out with pure vegetable oils to 
confirm the aforementioned assumption that the peak at about 410°C is due to 
vegetable oil decomposition (Figure III - 10). Vegetable oil is, compared to CNSL, 
volatilised at higher temperatures (+130°C). The main decomposition peak of 
jatropha oil is at 416°C, the one for the shea butter at 418 °C.  
 
 
Figure III - 9: dTG curves of crude cakes and nuts (Jatropha left, Shea right); 
(20°C/min, Ar atmosphere) 
 
The decomposition of vegetable oils reveals a peak or a constant mass for jatropha 
oil or shea butter respectively in the temperature range of 250°C. 
As free fatty acids volatilise in this temperature range [39] the acid number (AN) of 








The AN of jatropha oil is much higher compared to shea butter which indicates a 
relative higher amount of free fatty acids in this oil. Thus, the hypothesis that the 
peak and the constant mass loss are due to free fatty acid volatilisation is confirmed. 
Hydrolysed vegetable oils (free fatty acids, see II.2.4.2) were thermogravimetrically 
analysed as well. The major peak of their decomposition is in the temperature range 
of 250°C, which confirms that the 250°C peak in crude oils is due to free fatty acid 
decomposition/volatilisation. The peaks in temperature ranges of about 230°C in 
crude cake and jatropha and shea nut are identified to be due to overlapped protein 
and hemicelluloses decomposition. Overlapping with free fatty acids is possible as 
well. 
The second and third peak in the dTG profile for hydrolysed vegetable oils might be 
due to an incomplete hydrolysis reaction and could correspond to mono-, di- and 






















































Figure III - 10: dTG curves of crude and hydrolysed vegetable oils (jatropha left, 
shea right); (20°C/min, Ar atmosphere) 
 
Like for cashew samples, superposed dTG curves (Annexe 6) for jatropha and shea 
nuts as well as for the crude cakes were calculated with the help of two-step 
extracted or de-oiled Jc/Sc and jatropha oil/shea butter. Individual peaks of 
components of the calculated and the original curves differ partly significantly not 
only in intensity but also in temperature range. Thus, it is assumed that there are 




4.4 Summary of individual main dTG peaks obtained during 
pyrolytic conversion of CNS, JC and SC 
It is known that parallel or overlapped thermo-chemical decompositions shift the 
temperature of individual decomposition peaks of the components. Table III - 5 sums 
up the main peaks in the samples containing different extractive contents. As already 
mentioned before, rubber wood shows the typical mass loss for hemicelluloses, 
celluloses, and lignin. 
The two-step extracted CNSc has a broader decomposition temperature range 
probably due to its higher hemicelluloses content. The slight shift to lower 
temperatures of cellulose compared to rubber wood might be explained by final 
hemicelluloses decomposition. The residual lignin decomposition takes place in the 
same temperature range as for wood. De-oiled CNSc has a distinct hemicelluloses 
peak and a peak for residual CNSL. The temperature equivalent decomposition of 
hemicelluloses and residual CNSL shifts the celluloses peak to lower temperatures. 
This is enforced in crude CNSc whose CNSL content is higher. The decomposition of 

















































The temperature for hemicelluloses decomposition of two-step extracted Jc and Sc is 
in the temperature range found for wood. Concerning two-step extracted Jc this is 
also true for cellulose. For two-step extracted Sc, the celluloses peak is shifted to 
lower temperatures due to its low content. The higher concentration of proteins in de-
oiled cakes compared to two-step extracted cakes is the reason for the development 
of distinct peaks in the temperature range of 250°C where protein and hemicelluloses 
decompose. The more the triglycerides content increases in jatropha samples the 
more the celluloses peak shifts to higher temperatures. For Shea this trend is not 
observable. 
 
Table III - 5: Summary of individual main peaks 




Two-step extr. CNSc 210-310 -- -- 346 -- -- 
De-oiled CNSc 239 -- 300 337 -- -- 
Crude CNSc 239 -- 292 333 -- -- 
CNS * -- 272 331 -- -- 




 Two-step extr. Jc 240-320 (overlapped, *) -- 352 -- -- 
De-oiled Jc 247 (overlapped) -- 320 -- -- 
Crude Jc 228 (overlapped) -- 335 * 380 
Jatropha nut 228 (overlapped) -- 328 * 404 
Jatropha oil -- -- -- -- 250 417 
Sh
ea 
Two-step extr. Sc 230-275 (overlapped, *) -- 334 -- -- 
De-oiled Sc 250(overlapped) -- 323 -- -- 
Crude Sc 236 (overlapped) -- 323 * 389 
Shea nut 247 (overlapped) -- 323 * 414 
Shea butter -- -- -- -- 250 420 
*... no distinct peak 
 
 
4.5 Char residues of thermogravimetric analyses 
Thermogravimetric analysis allows not only to determine decomposition 
temperatures but also to calculate char yields based on the remaining mass of solids 
after analysis. The solid residue in the sample container is referred to char (and ash). 
It is useful to calculate the residual char produced during thermogravimetric analysis 
(low heating rate) in order to compare it with proximate analysis and other pyrolysis 
applications. This might allow interpreting the influence of extractives on char 
formation under different heating rates. Char yields are given in Table III - 6. 
Pyrolysis of CNSL results due to its high volatility in a negligible char yield. The 
sample is almost entirely volatile. No char (or a non-measurable yield) was obtained 
from pure jatropha oil and shea butter; during pyrolysis, they decompose and form 
almost no solid residues. Lower extractive contents in solid samples result 
consequently in higher char yields in a proportional manner. 
In order to corroborate the affirmation of Mangut et al. [40] that 
decomposition/volatilisation of vegetable oil is independent from decomposition of the 






Ash content in initial biomass is proportional decreasing (except for two-step 
extracted cake) with increasing extractive content (Table III – 4). This is explained by 
a relative accumulation of ash with ongoing extractive removal in the solid samples. 
However, the calculated ash content in the char is increasing with increasing 
extractive content of the initial biomass. Char yields, calculated on extractive and ash 
free basis of de-oiled and crude cakes, are in the same order of magnitude, which 
would corroborate the hypothesis of independent volatilisation/decomposition of 
extractives and the solid matrix. However, the char yield on extractive and ash free 
basis for CNS and nuts is significantly lower compared to the cakes. The nut values 
are out of range (about 7.5 wt% less). This can partially be explained by the higher 
ash content in the char. Additionally, cakes have undergone thermal and pressure 
treatment which results in a densification. This densification might result in a higher 
mass transfer resistance during pyrolysis. Therefore, char yield on extractive and ash 
free basis is increased compared to crude shells or nuts. 
 










CNS CNSL Rubber 
wood 
௖ܻ௛௔௥ [wt%] (db) 30.2 30.4 24.8 16.6 1.9 20.9 
߱௔௦௛	௜௡	௖௛௔௥ [wt%] 3.4 8.2 9.6 11.5 -- 2.5 









௖ܻ௛௔௥ [wt%] (db) 35.2 33.6 28.7 17.1 0.0 
߱௔௦௛	௜௡	௖௛௔௥ [wt%]  14.3 20.1 21.5 27.4 -- 









௖ܻ௛௔௥ [wt%] (db) 48.7 43.7 35.7 16.4 0.0 
߱௔௦௛	௜௡	௖௛௔௥ [wt%] 10.0 15.2 16.4 19.5 -- 
௖ܻ௛௔௥	ሺ௘௫௧௥௔௖௧௜௩௘	௔௡ௗ	௔௦௛	௙௥௘௘ሻ [wt%] 46.1 39.7 37.5 29.9 -- 
 
 
5 Conclusion on sample characterisation 
The selected extractive rich biomasses and the woody reference were characterised 
by several methods.  
The rubber wood can serve as ordinary woody reference; it contains only small 
amounts of extractives, which do not significantly influence elemental composition 
and ultimate analysis. The dTG profile is equal to typical wood decomposition 
profiles. 
Concerning extractive rich biomasses, the extractive content considerably influences 
physico-chemical properties of solid biomasses. One can observe that an increasing 
content of extractives proportionally influences results from ultimate and proximate 





‘volatility’ of the extractives was not confirmed. The low volatile matter of the solid 
matrix of the biomasses compensates the high volatile matter of the extractives 
which results in overall volatile matter of the cakes, which does not exceed that of 
wood. De-oiled press cakes have elemental compositions close to wood. Increasing 
extractive content increases C and H content and therefore the HHV. 
The applied procedure to analyse macromolecular composition was confirmed with 
rubber wood. Results were comparable to values reported in literature. The 
macromolecular composition of water and petrol-ether extracted CNSc in lignin, 
celluloses, and hemicelluloses is 27%, 59% and 14% respectively. For crude CNSc, 
the composition is 26.5% water extractives, 38.3% petroleum ether extractives, 9.5% 
lignin, 20.8% hemicelluloses, and 4.9% cellulose. 
Results of macromolecular composition analyses carried out on jatropha and shea 
cake needed to be corrected. Main difference between the both tropical oil-fruit cakes 
are the higher content of protein and hemicelluloses/cellulose in jatropha and the 
higher content of lignin in shea. 
Thermogravimetric analysis permitted to deduce, as a first approach, that the 
decomposition reactions of solid sample compounds and extractives do not 
significantly influence each other. Decomposition temperatures of individual 
compounds are only slightly shifted due to overlapping decomposition reactions of 
the extractives and the solid constituents. CNSL evaporates/decomposes in the 
temperature range of hemicelluloses. From the results obtained by superposition of 
different cashew samples one might deduce the independency of CNSL 
decomposition from the decomposition of the solid matrix. 
Triglycerides are more stable at lower temperatures. They entirely decompose at a 
small temperature interval higher than the normal decomposition temperatures of 
protein, hemicelluloses, and celluloses. Nevertheless, the lower the concentration of 
vegetable oil in a sample (35-50% for nuts and about 15% for crude cakes) the lower 
is the apparent decomposition temperatures due to overlapping with the other 
compounds. Superposition does not fit very well. Thus, one might assume that 
interactions of vegetable oils and the solid matrix take place to an extent superior to 
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Cashew, jatropha and shea samples are pyrolysed under higher heating rates 
(compared to TGA) in two complementary reactors: a lab-scale fixed bed tubular 
reactor and a pilot plant scale fluidised bed reactor. Main objective is to evaluate the 
behaviour of the extractives under pyrolysis. It will be investigated whether the 
hypothesis that CNSL reacts in parallel to the solid matrix in cashew samples while 
triglycerides seem to interact with the solid matrix in nuts and cakes is true. 
Therefore, the pyrolysis products are analysed with a special regard to pyrolytic 
liquids in dependency of the extractive content of the initial biomass. 
 
 
1 Rapid pyrolysis in a fixed bed tubular reactor 
The fixed bed tubular reactor has all the advantages of a small-scale lab device. 
Experiments conducted are shorter than those on pilot plant and mass balances are 
easier to be closed with a good repeatability. In the following, the results of pyrolysis 
experiments with the tubular reactor are presented. 
 
 
1.1 Mass balances of rapid pyrolysis experiments 
In total, 13 experiments have been carried out; results are shown in Table IV - 1. 
Mass closures, the sum of yields of pyrolysis products, lie between 81.9% and 
99.5%. For the reference sample (rubber wood) the mass closure is 95.2% which is 
in rather good agreement with the results of Collard et al. [1] who pyrolysed beech 
wood (contents of lignin, hemicelluloses and celluloses reported to be 26.4%, 31.8% 
and 40.8% respectively) with the same experimental set-up at 600°C and reported a 
mean mass closure of 89 %. The slight differences of results presented here 
concerning liquid, char and gas yields compared to the reported values of 56.6 %, 
20.0 % and 23.4 % respectively [1] can be explained by the higher pyrolysis 
temperature applied by Collard et al. which promotes the production of gases to the 
expense of char. In another work using the same device [2] mass closures of 82.0 to 
96.4 +/- 9.4% were reported. 
Mass balances of pure extractives were not possible to close. In the thesis of Collard 
[3] it was reported that the higher the yields of pyrolysis oils are the farer the mass 
balances are from 100%. Two explications were given for this observation: 
(1) Condensation of heavy compounds in the inner of the reactor before the 
pyrolysis liquid recovery system 
(2) Incomplete recovery of light and volatile compounds, which are entrained 
with the carrier gas flow and subsequently not analysed by µGC. 
The relatively high carrier gas flow in the experiments of Collard [3] and in this study 
should prevent the condensation of heavy compounds in the reactor. By placing a 
silicagel trap at the exit of the pyrolysis oil recovery system, Collard proved; that a 




volatiles formed by pyrolysis of vegetable oils certainly a row of them are not 
analysed by µGC. Additionally, for pyrolysis of press cakes of oil-bearing fruits, 
particularly shea, the formation of nitrogen containing gases like NH3, HCN and 
HNCO were documented [4]. These kinds of gases were not analysed by the µ-GC. 
Thus, the pyrolysis product recovery and analysis for extractive rich samples are 
incomplete. 
As proximate analysis let expect, char yields decrease proportionally with increasing 
extractive content in the initial biomass (Table IV - 1). Surprisingly, all the char yields 
are higher compared to thermogravimetric experiments. Yet, it has already been 
proven that higher heating rates result in less char and higher liquid/gas yields [5]. 
The reason might be found in heat/mass transfer limitations within the fixed bed and 
within the particle itself (higher particle size) which means that the reaction is 
influenced by physical parameters while chemical regime is reached in TGA.  
As for char, liquid (increasing) and gas (decreasing) yields are proportionally 
dependent on the initial extractive content due to high ‘volatility’ of the extractives. 
This is in agreement with proximate analysis (Table III - 4) and char yields from TGA 
(Table III – 6). Mass balances of the de-oiled press cakes reveal very high char 
yields compared to wood which are at the expense of the liquid yield. De-oiled CNSc 
for example yields about 12 % less liquids compared to wood, which is compensated 
by a 10 % higher char yield. These results can be explained by the VM and FC 
differences between the two initial biomasses (Table III - 4). 
The char yields on extractive and ash free basis shown in Table IV - 1 are in the 
same order of magnitude for all samples. The decreasing trend observed for TGA is 
lost and slightly transformed to the contrary for cashew. The reason is the higher 
overall char yield due to limited heat transfer as mentioned before. 
CNSL contributes only in very small amount to char formation, but contributes to high 
liquid yields for extractive rich samples. This result suggests that CNSL is recovered 
in the cold trap, either such as or after degradation to give other liquid products. 
The calculated pyrolysis oil yields on extractive free basis are more or less constant 
which might lead to the hypothesis that interaction between solid matrix and 
extractives could only be very low. 
The decomposition of biomass material during pyrolysis always results in the 
formation of water, so-called pyrolytic water, when oxygen containing side groups are 
cleaved. Table IV - 1 lists the water contents of the pyrolysis oils. Rubber wood 
pyrolysis oil consists of 40.3 wt% water. Collard et al. [1] reported the water content 
in the beech wood pyrolysis oil to be 35% which is in the same order of magnitude. 
Water contents in pyrolysis oils from de-oiled cakes are extremely high compared to 
the woody reference, which is in agreement with Oasmaa et al. [6] who reported the 
water content of pyrolysis oils from agricultural residues to be higher than in pyrolysis 
oils from wood. This phenomenon is explained by the high concentration of ash in the 
agricultural residues, which is known to catalyse water production during pyrolysis. 
However, the water yields (assuming that all produced water was recovered with the 
pyrolysis oil) are in the same order of magnitude compared to wood. Mullen et al. [7] 




of proteins (hence nitrogen) promotes the conversion of biomass oxygen to water 
which might explain the higher formation of pyrolytic water by de-oiled press cake 
pyrolysis compared to rubber wood (Table IV - 1). 
However, dry pyrolysis oil yields increase proportionally with extractive content. This 
is due to two reasons: firstly, extractives pyrolysis yields low in water and secondly, a 
high extractive content in a sample reduces the solid matrix content (which is 
predominantly responsible for water production). 
 
 
1.2 Char composition 
The elemental composition of each char is shown in Table IV - 1. The elemental 
composition of rubber wood char is in the normal range for chars obtained from wood 
at 500°C [8]. 
The carbon content of all cashew char samples are in the same range as for wood 
supporting the hypothesis that CNS is a rather lignocellulosic biomass.  
The carbon contents of the shea char samples are higher in average compared to 
the jatropha char samples, which might be explained by the higher lignin content. 
However, carbon content of shea char samples is lower compared to cashew and 
wood chars.  
The most important observation is that char composition seems to be independent 
from the initial extractive content. This might be due to entire 
volatilisation/decomposition of the extractives or due to a composition of the char 
residue from extractives, which is close to those of the solid matrix (as can be seen 
for CNSL). 
A measuring error is assumed for the case of de-oiled Jc where the carbon content is 
significantly higher compared to other jatropha samples. As the char yield of the de-
oiled cake follows the linear trend of the whole series (in function of the extractive 






1.3 Incondensable gas yields 
Pyrolysis gas of rubber wood is mainly composed of CO2 and CO. These gases are 
usually major pyrolysis gas compounds [1, 9]. 
The CO2 yield from de-oiled CNSc exceeds the value determined for rubber wood by 
3.7%. This can be explained by the high amount of hemicelluloses in de-oiled CNSc 
as it is known that this component sets free mainly CO2 during pyrolysis [1]. 
Although one might expect increasing CO2 contents with increasing CNSL content in 
the sample, due to decarboxylation of anacardic acid, this trend could not be 
observed. Probably the elevated temperature (105°C) during pre-drying already set 
free CO2. Increasing CNSL content leads to decreasing CO2 and CO yields. The 
yields of light, non-condensable hydrocarbons increase which might be an 
explanation. These are probably set free during cleavage of linear chains of the 
meta-alkylphenols and contribute to the increasing HHV of the pyrolysis gases. 
Individual gas yields of de-oiled Jc and Sc are almost like those of de-oiled CNSc. 
Gas yields change with increasing extractive content similar to the cashew 
experiments. The cracking of vegetable oils produces only small amounts of non-
condensable gases. It is reported that gases are mainly released during secondary 
cracking reactions of fatty acids [10, 11] which would require longer residence times 











Cashew Jatropha Shea 
De-oiled 
CNSc 










MB [wt%] 95.2 93.9 95.7 99.5 92.0 93.7 96.1 94.8 87.4 94.4 94.2 90.6 81.9 
௖ܻ௛௔௥ [wt%] (db, measured) 23.3 33.7 32.0 24.1 5.5 39.9 36.4 25.4 0.4 45.4 37.8 19.9 0.3 
    ߱௔௦௛	௜௡	௖௛௔௥ [wt%] 2.3 7.4 7.3 8.0 n.d. 16.9 16.9 18.4 n.d. 14.7 15.4 16.1 n.d. 
    ௖ܻ௛௔௥	ሺ௘௫௧௥௔௖௧௜௩௘ ௔௡ௗ ௔௦௛ ௙௥௘௘ሻ	[wt%] 25.0 37.3 42.0 42.5 -- 51.5 53.8 51.0 -- 57.0 56.4 53.8 -- 
௣ܻି௢௜௟ [wt%] 54.0 42.1 46.4 61.9 82.0 39.3 46.2 57.7 81.1 33.7 43.0 60.9 76.6 
    ௣ܻି௢௜௟	ሺ௘௫௧௥௔௖௧௜௩௘ ௙௥௘௘ሻ [wt%] 51.7 42.1 39.3 39.3 -- 39.3 40.6 37.9 -- 33.7 36.6 28.8 -- 
    ߱ுమை		[wt%] 40.3 59.6 46.4 35.6 3.4 59.4 44.7 8.0 0.5 73.8 44.5 2.3 0.7     ுܻమை [wt%]  21.8 25.1 21.5 22.0 2.8 23.4 20.7 4.6 0.4 24.9 19.1 1.4 0.5     ௣ܻି௢௜௟	ሺௗ௥௬ሻ [wt-%] 32.2 17.0 24.9 39.9 79.2 16.0 25.5 53.0 80.7 8.8 23.9 59.5 76.0 
௚ܻ௔௦ [wt%] 17.8 18.1 17.2 13.5 4.5 14.5 13.5 11.8 5.9 15.3 13.4 9.7 5.1 
Char composition [wt%] 
    %C 81.1 79.0 78.9 79.3 74.4 76.7 68.0 66.2 Not 73.2 72.7 72.9 Not 
    %H 3.7 3.6 3.5 3.4 4.5 3.5 3.4 2.9 mea 3.3 3.4 2.9 mea 
    %N 0.4 0.6 0.5 1.1 1.1 1.9 3.2 4.4 sur 2.9 2.8 2.9 sur 
    %O (by difference) 12.6 9.4 9.7 8.2 20.0 0.9 8.5 8.1 ed 5.9 5.8 5.2 ed 
    HHVchar [MJ/kg] * 31.3 30.7 30.4 30.6 29.2 30.5 26.5 25.2 -- 28.5 28.4 28.0 -- 
Individual gas yields [wt%]  
    ுܻమ 0.06 0.03 0.04 0.04 0.03 0.03 0.03 0.04 0.06 0.02 0.02 0.03 0.07     ஼ܻுర 0.92 0.33 0.45 0.44 0.39 0.60 0.53 0.51 0.27 0.31 0.35 0.44 0.46     ஼ܻమுర 0.25 0.10 0.21 0.30 0.64 0.12 0.21 0.41 0.96 0.08 0.20 0.45 1.04     ஼ܻమுల 0.18 0.15 0.21 0.34 0.59 0.14 0.26 0.47 0.64 0.15 0.15 0.30 0.45     ஼ܻை  6.40 3.81 3.71 2.71 0.26 3.41 2.52 1.86 1.79 2.10 1.78 1.36 1.20 
    ஼ܻைమ 10.01 13.68 12.60 9.68 2.62 10.21 9.91 8.50 2.16 12.61 10.92 7.15 1.88     HHVgas [MJ/kg] x 7.7 4.1 4.9 6.3 18.6 5.5 5.8 7.7 19.5 3.2 4.1 7.7 22.5 
*…Calculated with correlation of Channiwala and Parikh [12]; x...Calculated with individual heating values at norm conditions (25°C, 




1.4 Energy distribution in pyrolysis products 
With the help of Channiwala’s and Parikh’s correlation [12] and the HHV of individual 
gases (from DIN51850 [13]), the heating values for chars and pyrolysis gases were 
calculated. The values are shown in Table IV - 1 and displayed in dependency of the 
extractive content of the initial biomass in Figure IV - 1 (left). As the composition of 
the chars changes only slightly with initial extractive content of the biomass sample, 
the heating values of the chars are almost stable too (the probable measuring error 
for the de-oiled Jc results in an error here as well). Thus, the extractives do not have 
a significant influence of the energy content in the char. 
 
 
Figure IV - 1: Calculated HHVs of chars and gases obtained by rapid pyrolysis 
 
In contrast, initial biomass extractive content does significantly influence the HHV of 
the gases. In fact, the HHV’s depend exponentially on the extractive contents (R2 >/= 
0.99). This is linked to the individual composition. The content of CH4, C2H4, and 
C2H6 are in exponential dependency on extractive content as well. 
Care should be taken on the relatively high HHV’s of the pyrolysis gases from pure 
extractives. To obtain the recoverable energy of gases and char per kg of introduced 
biomass the following equation was used: 
ࡱࢍࢇ࢙/ࢉࢎࢇ࢘ሾࡹࡶ/࢑ࢍ࡮ࡹሿ ൌ 	ࡴࡴࢂࢍࢇ࢙/ࢉࢎࢇ࢘∗ࢅࢍࢇ࢙/ࢉࢎࢇ࢘૚૙૙%     Equation IV - 1 
 
The results of these calculations are shown in Figure IV - 1 (right). It can be seen that 
energy recoverable from char is linearly decreasing, which is a logical consequence 
from a decreasing yield and stable HHVs. The energy recoverable from gases is low 



















































1.5 Rapid pyrolysis oil composition 
In the previous section, it was proven that the presence of extractive materials results 
(among others) in increasing pyrolysis oil yields. The following sections focus on the 
chemical composition of the obtained pyrolysis oils, in order to determine the link 
between mass gain due to additional molecules and the original extractives.  
 
 
1.5.1 Common pyrolysis oil compounds 
All pyrolysis oils were analysed, using the GC/MS method described in chapter 
II.5.2.2 This method enables to quantify 65 compounds typical for pyrolysis oils from 
lignocellulosic biomass. Due to the complex composition of these oils, the 
quantitative results obtained for individual peaks were grouped into main chemical 
families (Table II - 3). The raw results from analyses are concentrations ܿீ஼/ெௌሺܼሻ in 
g/l of diluted pyrolysis oil, which were further converted to yields ௢ܻ௥௚.ሺܼሻ in mg/g of 
dry biomass in order to make comparisons easier and more relevant. All results are 
gathered in Table IV - 2. 
Pyrolysis oil of rubber wood shows a classical component distribution of a woody 
biomass [14] which is dominated by organic acids, aldehydes, ketones and alcohols. 
The total amount of quantifiable compounds is 152.7 mg/gBM which is in the same 
order of magnitude of the result communicated by Collard et al. [1]. Non-quantified 
compounds contain for example high molecular weight compounds such as pyrolytic 
lignin which is a powder like oligomeric material [15]. 
The yields of quantifiable liquid products of de-oiled CNSc, Jc and Sc are about 50 
wt%, 40 wt% and 20 wt% respectively compared to pyrolysis oil from rubber wood. 
This shows clearly, contrary to what has been supposed above, that the initial macro-
molecular compositions of the de-oiled cakes differ from lignocellulosic material. The 
yield of almost each chemical group is twice as low for de-oiled CNSc as for wood. 
Remarkable is the higher yield of phenols, which is probably linked to the 
decomposition of residual CNSL. Furans, which are sugar-derived compounds, are 
as abundant as in pyrolysis oil from wood. An explanation for this might be that the 
holocelluloses (hemicelluloses + cellulose) content in rubber wood and de-oiled CNS 
cake is in the same-order of magnitude (see III.2.1). Levoglucosan which is a typical 
product of celluloses decomposition [1] is more concentrated in pyrolysis oil from 
rubber wood than from de-oiled CNSc, which is in agreement with the macro-
molecular composition (chapter III.2), with more celluloses in wood than in de-oiled 
CNSc. 
Concerning de-oiled Jc and Sc the very low yield in aldehydes/ketones is 
remarkable. Although the protein content in jatropha is higher than in shea the 
concentration of nitrogen, containing aromatic compounds is equal in the respective 
pyrolysis oils. Compared to the pyrolysis oils from cashew and rubber the 
nitrogenous compounds are higher concentrated; a logical consequence of the low 




By comparing the pyrolysis oils from the two de-oiled cakes it is remarkable that 
alcohols (methanol) yields four times more from de-oiled Jc than from de-oiled Sc. 
Methanol is, beside water, the main decomposition product of hemicelluloses (xylan) 
[16] which is higher concentrated in Jc than in Sc (see Figure III - 3). De-oiled Sc 
yields twice as much phenols compared to de-oiled Jc. Sc is known to be phenol-rich 
[17]. 
For each feedstock, the extractive content of biomass has a strong influence on the 
chemical composition of the pyrolysis oil. With increasing CNSL content, the cashew 
samples become less and less lignocellulosic. The amount of quantifiable 
compounds diminishes. Only phenols and aromatics yields are increasing with 
extractive content, which can be explained by the phenolic nature of CNSL.  
Concerning jatropha and shea it is important to note that the pyrolysis oils from the 
nuts and the vegetable oils were dissolved in petrol ether (see II.3.1.2, Table II - 1). 
In contrast to acetone, petroleum ether is highly lipophilic, a characteristic, which was 
assumed helpful to dissolve vegetable oil, derived pyrolysis oils. In contrast, its 
hydrophobic behaviour caused a partial phase separation in the pyrolysis oil solution. 
This might explain the very large decrease in yield of quantifiable compounds 
between the crude cakes and the nuts. The amount of quantifiable compounds for 
pyrolysed triglycerides is increasing compared to the nuts, explained by a higher 
yield in short chain organic acids. However, the yield of quantifiable compounds is 
very low. This indicates that decomposition compounds from extractives are indeed 
different from pyrolysis oils derived from lignocellulosic biomass. 
 























Alcohols 18.5 9.9 8.7 6.1 0.0 12.1 7.7 0.0 0.0 3.3 0.0 0.0 0.0 
Aldehydes/ 
Ketones 
44.4 14.6 15.1 13.0 0.0 1.5 0.7 0.1 0.1 0.8 1.4 0.2 0.1 
Acids 67.7 34.9 26.2 30.1 1.0 36.3 19.2 5.6 13.2 16.0 14.7 1.5 12.2 
Furanes 7.1 6.9 5.6 4.3 0.0 2.9 1.8 0.5 0.0 1.7 1.5 0.3 0.0 
N-
Aromatics 
0.0 0.2 0.2 0.1 0.0 0.4 0.6 0.2 0.0 0.3 0.5 0.2 0.0 
Aromatics  0.2 0.2 0.5 2.0 2.4 0.2 0.6 1.2 1.4 0.4 1.3 2.6 2.7 
Sugars 11.2 4.5 5.0 2.4 0.0 0.9 0.6 0.0 0.0 0.5 0.7 0.0 0.0 
Phenols 2.5 4.5 4.6 5.9 7.3 2.7 4.2 1.2 0.5 5.6 4.3 1.8 0.2 
Guaiacols 0 0.4 0.1 0.2 0.0 2.1 1.9 0.4 0.1 0.1 0.0 0.0 0.0 
PAH's 0.1 0.1 0.2 0.4 0.4 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.3 







1.5.2 Non quantifiable rapid pyrolysis oil compounds 
The objective of this section is to investigate the nature of new compounds from 
pyrolysis of extractable material, which are not quantifiable with the method usually 
used to analyse compounds from pyrolysis oils of lignocellulosic biomass. For this 
purpose, a new methodology was used as a complement to the previous one.  
CNSL and CNSL derived compounds are detectable with the GC/MS method 
adapted to pyrolysis oils from lignocelluloses (see II.5.2.2); the chromatograms 
already used to quantify typical pyrolysis oil compounds were used to identify 
compounds behind new peaks in the cashew sample chromatograms.  
Peaks in the chromatogram of crude CNSL (Figure IV - 2 A) are situated at retention 
times superior to 73 min. The highest peak is at 78 min which the NIST 2.0 library 
identified as phenol-3-pentadecyl, a synonym for cardanol, one of the main 
compounds of CNSL [18]. The chromatogram of pyrolysed CNSL (Figure IV - 2 B) 
reveals major peaks with the same retention times like those observed for crude 
CNSL. By comparing chromatograms A and B, it is assumed that all peaks with a 
retention time superior to 73 min in Figure IV - 2 B are un-cracked CNSL compounds. 
These peaks cover an area percentage of 55% (Table IV - 3) of the whole 
chromatogram of pyrolysed CNSL that suggests that more than half of the CNSL is 
evaporated and condensed in its original state. However, the large number of 
individual peaks below 73 min (45 area %) is a sign for a complex set of 
decomposition reactions.  
Some of the compounds behind these peaks are identified as phenol-3-pentadecyl 
by the NIST library (see Annexe 7), which suggest that these are chemically very 
close to the CNSL main compounds (phenols with shorter side chains or other 
substitutes added to the phenolic ring for example). Some of the additional major 
peaks were clearly identified (phenol-3-ethyl at 37.4 min, benzofuran-2,3-dihydro at 
40.3 min and phenol-3-cyclohexyl at 52.7 min). Hence, the phenolic ring of the CNSL 
remains un-cracked in most molecules. Some linear hydrocarbons (alkenes) are 
found probably because of the cleavage of the double bonds of the side chains of the 
meta-alkyl phenols. This decomposition mechanism would be in congruence with the 
thermal decomposition of fatty acids [19]. 
The chromatograms of CNS and CNSc (Figure IV - 2 C and D), are dominated by a 
peak at 78 min which is certainly linked to the presence of the extractive CNSL.  
The compound distribution listed in function of the retention time in Table IV - 3 
follows an expected trend: the more extractible material present in the initial biomass 
sample the more crude CNSL compounds (retention time > 73 min) in pyrolysis oils 
are found. Only the area percentages of the pyrolysed CNSL do not follow the 
general trend. This contradiction might be explained by heat transfer restrictions 
caused by the ceramic sample container. The heat flux imposed to the liquid sample 
has to pass the solid ceramic recipient whereas for solids a meshed basket was 
used. Additionally, liquid samples might show a different pyrolysis behaviour 
compared to the liquid dispersed in a solid matrix (CNSc or CNS).  
However, the chromatogram of the de-oiled CNSc has a high number of peaks (97%) 




products of the solid matrix of CNS and therefore decomposition products of lignin, 
hemicelluloses and celluloses. They have been partially quantified with the previous 
pyrolysis oils method (IV.1.5.1).  
Although there is a negligible rest (3 area%) of CNSL compounds (retention time >73 
min) in the pyrolysis oil from de-oiled CNSc (Figure IV - 2 E) this approach is 
confirmed. In Annexe 8 different chromatograms from cashew samples are 
superposed in order to identify compounds which might witness interaction. No 
molecule could have been identified as such. 
The chromatogram of rubber wood pyrolysis oil is given in Figure IV - 3 for reasons of 









Figure IV - 2: GC / MS chromatograms of rapid pyrolysis oils from cashew samples 
 
Table IV - 3: Sum of area percentages of chromatograms in function of retention time 











Crude CNSL compounds  > 73 99.2% 55.0% 63.2% 52.4% 3.0% 
CNSL decomposition products < 73 0.8% 45.0% 36.8% 47.6% 97.0% 
C - CNS 
D – Crude CNSc 
E – De-oiled CNSc 
B - CNSL after pyrolysis 
Crude  
CNSL compounds 
CNSL decomposition products 



































Figure IV - 3: GC / MS chromatogram of rapid pyrolysis oil from rubber wood 
 
An equivalent approach was applied to jatropha and shea pyrolysis oils to identify the 
distribution of pyrolysis oil components. As explained in II.5.2.2.3 another GC/MS 
method was used with a suitable column for the separation of triglycerides and fatty 
acids. The corresponding chromatograms are given in Figure IV - 4 and Figure IV - 5 
for all jatropha and shea samples. As for cashew, there are five chromatograms for 
the different pyrolysis oils of each biomass (crude extractive, i.e. vegetable oil, 
pyrolysed extractive, nuts, crude cake, and de-oiled cake). The very wide ‘hill’ at low 
retention times in each chromatogram is due to a leakage of air, which enters into the 
column. This has no significant consequences on the resulting peaks and their area 
percentage, because integration parameters permit to describe a valley-to-valley 
peak area. 
Table IV - 4 gives the summed area percentages of the peaks in function of different 
retention time spans. From each chromatogram of raw vegetable oils, one can see 
that the natural molecules present in vegetable oils are separated more or less in 
function of their molecular mass (9-15 min fatty acids, 15-25 min monoglycerides, 25-
35 min diglycerides, > 35 min triglycerides, see also Table IV - 4). No peaks occur at 
retention times lower than 9 min. Comparing the peak distributions from jatropha oil 
and shea butter it can be seen that the area percentage of free fatty acids is higher in 
shea than in jatropha; triglycerides are twice as much in jatropha oil as in shea butter. 
Origin of the shea butter used in the rapid pyrolysis experiment was different than the 
one used before for thermogravimetry. The shea butter used here was obtained by 
petroleum ether extraction of the cake (in preparation of the flash pyrolysis 
experiments). Thus, it has sustained high temperatures for several times. Firstly, 
when shea almonds were preheated before oil extraction and secondly, when 
extraction with the solvent was carried out. Thermal treatment increases thermolysis 
of triglycerides and might be the explanation of the presence of free fatty acids. In 
contrast, the jatropha oil was high quality oil. This explains the differences compared 
to the results found in thermogravimetric analysis concerning the free fatty acids. 
From Figure IV - 4 B and Figure IV - 5 B, it can be deduced, that the tri- and 
diglycerides are entirely decomposed during pyrolysis, since no peaks can be found 
at retention times > 25 min. The majority of the peaks are found in the retention time 
span typical for fatty acids. Main components of pyrolysed jatropha oil and shea 
butter in this area are oleic acid (= most abundant fatty acid in vegetable oils; 











octadecanoic acid (see Annexe 7). In the retention time span of 15-25 min, which is 
the typical retention time span for monoglycerides, mainly long chain alkenes with 
molar masses and structures close to monoglycerides were identified. From 0 to 9 
min the identified molecules are mainly alkanes, alkenes and short chain carboxylic 
acids. These products are typical for thermal decomposition of vegetable oils [19]. 
The selectivity of products from vegetable oil pyrolysis largely depends on the oil 
species [19, 22]. 
From each Figure E (pyrolysis oils from de-oiled cakes), it can be deduced, that the 
solid matrixes are decomposed to smaller molecules with shorter retention times 
lower than 9 min. 
In Table IV - 4, the area percentage of the retention time span 0-9 min increases with 
decreasing extractive content in feedstock while for the retention time span typical for 
fatty acids (9 to 15 min) it decreases. This confirms that the decomposition of the 
solid matrix results mainly in smaller molecules with short retention times than the 
decomposition of pure vegetable oil. 
The compounds detected in this retention time span contain those already quantified 
by the previous GC method except some nitrogen containing compounds. Those are 
most likely decomposition products of proteins (Oxazole, Imidazole, Piperidine, ...). 
Boateng et al [23] reported cyclic amines, such as Pyridines, Pyrroles, Indoles, 
Piperidines, and their derivatives, a result of feedstock protein decomposition. 
As a first approach, from each series of chromatograms, the pyrolysis oils from nuts 
and the crude cakes can be considered as a mixture of the pyrolysis oils from 
vegetable oils and de-oiled cakes: 
- the solid matrix decomposes to give small molecules with retention times 
lower than 9 min 
- triglycerides present in the nuts and cakes are entirely cracked like in the 
crude vegetable oil samples (no peaks are found in the retention time span > 
30) 
- most important peaks are grouped in the range from 9 to 15 min (fatty acids) 
 
Table IV - 4: Sum of area percentages of chromatograms in function of retention time 
























࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ [wt%] 100 100 34.3 12.3 ~ 0 100 100 52.7 14.9 ~ 0  < 9 0.0 38.5 29.7 57.1 95.3 0.6 19.7 28.9 40.6 93.0 
Fatty acids 9-15 3.9 52.9 69.7 42.5 4.7 40.4 65.8 64.3 53.1 7.0 
Monoglycerides 15-25 0.3 8.5 0.6 0.5 -- 3.2 14.5 6.2 6.4 -- 
Diglycerides 25-30 6.0 -- -- -- -- 11.6 -- 0.3 -- -- 






Besides fatty acids only few additional compounds composed of organic chains 
containing nitrogen were identified in the zone 9 to 15 min (Annexe 7). By 
superposing the chromatograms of pyrolysed vegetable oil, jatropha/shea nut or cake 
and de-oiled cake (Annexe 8) one can observe that these peaks are only visible in 
the chromatograms of jatropha/shea nut and crude cake, which is a sign for 
interaction products. Such compounds were already identified in previous published 
works [24-28], and are mainly pentadecanenitrile, oleanitrile and hexadecane amide. 
As the solid macromolecules do not result in such long chains after pyrolytic 
decomposition these compounds can only be interaction products of vegetable oil 
and nitrogen containing protein (primary reaction) or vegetable oil and protein 
decomposition products (secondary reactions). 
The chromatograms of de-oiled cakes have peaks in the fatty acid time span 
covering 4-7 area%, which is a sign for residual fat in the de-oiled cakes. If one takes 
the pyrolytic conversion of pure butter into account, one can calculate a hypothetical 
range of 2.5 to 4.6% of residual oil in the ‘de-oiled cakes’. Maybe this residual oil was 
retained in the inside of the particles during extraction. 
 
This semi-quantitative method allows putting in evidence that the extractible CNSL 
decomposes only partly. A big part of CNSL is evaporated and re-condensed in an 
un-cracked state under heating rates of about 300°C/min. In contrast, triglycerides 
decompose entirely.  
 
Although it is very common to characterise chemical composition of pyrolysis oils, the 
semi-quantitative approach of peak area percentages disposes some limits: 
1) Large molecules such as pyrolytic lignin, which cannot be injected into the 
GC/MS column, cannot be considered  
2) Area percentages do only reflect relative proportions of the individual peaks. 
Therefore, the values in Table IV - 3 and Table IV - 4 can only give indications of 
observable trends and are less rigorous than the real yields of chemical groups 
shown in Table IV - 2. 
 
A second semi-quantitative approach in order to estimate more precisely the yields of 
non-quantifiable pyrolysis compounds, whose results were not consistent, is 











Figure IV - 4: GC/MS chromatograms of rapid pyrolysis oils from jatropha samples 
(triglyceride method)   
A – Crude jatropha oil 
B – Pyrolysed jatropha oil 
C – Jatropha nut 
D – Crude Jc 
E – De-oiled Jc 
Triglycerides 








































Figure IV - 5: GC/MS chromatograms of rapid pyrolysis oils from shea samples 
(triglyceride method) 
  
A – Crude shea butter 
B – Pyrolysed shea butter 
C – Shea nut 
D – Crude Sc 






































2 Flash pyrolysis experiments 
This chapter describes the production of pyrolysis oils from the extractive rich 
biomasses (i.e. CNSc, Jc and Sc) on a fluidized bed flash pyrolysis reactor described 
in chapter II.3.2. This process has been widely used and optimized in previous works 
for “conventional” lignocellulosic biomasses (wood, straw, energy crops, ... [9]).The 
present work consisted in exploratory test runs devoted to test the specific extractive-
rich feedstock, and to evaluate the performances of the process in reference 
conditions. 
A first objective of the related work was to determine whether the presence of 
extractives (and possibly other specific properties of this feedstock such as higher 
density) results in any operational difficulties in the process. Indeed, this feedstock 
appear like rather sticky materials. 
A second objective was to determine the impact of extractives on yields and 
composition of pyrolysis oils, with special regards to the results of rapid pyrolysis in 
the tubular oven. Does the higher extractive content of crude cakes compared to de-
oiled cakes result in a higher pyrolysis oil yield under flash pyrolysis conditions? Do 
the pyrolysis gases from crude cakes contain more short chain hydrocarbons? How 
do extractives behave during flash pyrolysis? Does the pyrolysis oil contain 
components resulting from interaction reactions of the extractives and the solid 
matrix because under flash pyrolysis conditions all biomass constituents are 
decomposed at the same time? 
The methodology consisted in two main steps. Firstly, preliminary tests were carried 
out with a single feedstock (CNSc), from which some parameters (particle size of 
sand, mass of sand, carrier gas flow) were selected allowing stable operation for 
mass balances and production of pyrolysis oils. Important data on the operation of 
the fluidized bed were collected from these preliminary test runs, which will be 
discussed. Secondly, test runs were conducted with the selected conditions using de-
oiled CNSc and the other crude and de-oiled feedstock. The mass balances and 
chemical compositions of the pyrolysis oils are compared on the one hand to those 
obtained from the reference biomass, rubber wood, and on the other hand to the 
results previously obtained under rapid pyrolysis conditions. 
 
 
2.1 Choice of reference operating conditions for extractive rich 
biomasses 
Preliminary test runs were carried out with crude CNSc as in terms of preparation 
(grinding and sieving) it was easier to handle than the cakes from jatropha and shea. 
Additionally, biomass quantity sent from Burkina Faso was limited to carry out flash 
pyrolysis experimentation in Montpellier/France. Repetition of experiments, therefore, 
was limited too. 
The first test run C1 was operated in conditions quite similar to those commonly used 




Table IV - 5). However, char accumulation and reactor plugging occurred in the 
fluidized bed due to the particularity of this biomass.  
Some experimental parameters and equipment configurations were modified in the 
following experiments with the aim to limit/avoid the plugging:  
i) The mass and thus the height of the bed material were reduced (Figure 
IV - 6, B) and  
ii) The particle size distribution of bed material was increased, both 
allowed a higher carrier gas flow which was judged to be beneficial to 
char entrainment. Theoretical background on fluidized beds (minimal 
fluidisation gas velocity and entrainment velocity) is given in Annexe 10. 
Nevertheless, char continued to accumulate in the reactor. Char is known to catalyse 
secondary cracking of pyrolysis vapours. Progressing char accumulation at the top of 
the bed material therefore might influence the composition of condensed pyrolysis oil. 
Thus, the configuration with a ‘lifted’ reduced bed material (Figure IV - 6, C) applied 
for test run C4 had the aim to reduce the volume available for char to accumulate. 
Char agglomeration occurred comparable to C1. Thus, this configuration was not 
maintained. 
 
Figure IV - 6: Level of the bed material in not fluidised state (A = reference condition 
for wood; B = reduced bed, C2/C3; C = ‘lifted’ reduced bed, C4; D = 
reduced bed with accumulated char) 
 
Details on the operating conditions for preliminary test runs are given in Table IV - 5 
and the main observations and comments are gathered in Annexe 11. 
 
  
















The finally maintained operating conditions from run C3 are the following: 
- A combination of lower height of bed material compared to the wood 
reference conditions (Figure IV - 6, B)  
- A higher particle size distribution of the bed material (0.71-0.8 instead of 0.6-
0.71 mm) 
- A higher carrier gas flow rate (3.4 instead of 2.4 m3N/h) 
- A biomass input per hour significantly lower compared to wood (0.3 instead 
of 1.5 kg/h) 
 
Although the operating problems were not completely overcome by applying these 
conditions, they allowed maintaining pressure profiles stable indicating that reactor 
plugging is not occurring at least for the duration of the experiments. However, the 
maximal biomass input compared to wood is about 4 to 5 times lower but in the same 
order of magnitude as for wheat straw (0.2-0.3 kg/h [2]) which is a biomass causing 
similar operational problems (see IV.2.2). 
The mass balance of the experiment carried out with the finally maintained 
parameters (C3) is discussed later (see IV.2.3.2). 
 
 
2.2 Observations / discussion of operating problems 
2.2.1 Char accumulation and agglomeration 
In contrast to pyrolysis of lignocellulosic biomass (rubber wood), the pyrolysis of 
CNSc, Jc and Sc resulted in char accumulation in the reactor. The observed mass 
gain persisted even for final operating conditions described in IV.2.1 (see Figure IV - 
6 D).  
In Table IV - 6 are depicted the absolute and relative char distributions (respectively 
mass and mass fractions). For rubber wood, the char is mainly recovered in the first 
cyclone, in agreement with the original design. The mass recovered in the reactor 
remains low and rather stable with time, which corresponds to a steady-state layer of 
char. Slightly less char accumulated in the reactor for R2 compared to R1; which is 
likely due to the higher carrier gas flow rate. 
Biomass Crude cashew nut shell cake 
Run reference C1 C2 C3 C4 
Isopar V® Fresh Used Used Used 
Biomass parameters 
     Particle size [mm] 1 - 2 
Experiment parameters 
     Duration 3 h 07 2 h 45 5 h 01 4 h 41
m୆୑ [g] 1630 810 1450 1354
Q୆୑ [g/h] 520 210 290 290
Q୒మ [mN3/h] 2.4 3.0-3.4 3.4 3.4
Sand bed 
     Particle size [mm] 0.6-0.71 0.71-0.8 0.71-0.8 <2  + 0.71 – 0.8




For all other feedstock (either crude or de-oiled), some char is transported and 
separated in the first cyclone, but a much higher fraction is recovered in the reactor. 
For both, crude (C3) and de-oiled CNSc (C5), about 50% and 25% of char produced 
accumulated in the reactor; this difference probably comes from the different biomass 
quantities introduced during both tests.  
What concerns crude Jc, the longer the test run lasted the lower was the relative char 
accumulation in the reactor and the higher it is in the first cyclone. A possible 
explanation might be that char accumulates until a maximum level achieving the 
conic reduction of the freeboard where carrier gas velocities are higher and finally the 
char is entrained. 
Char accumulated in both cases for shea cake too. The absolute and relative char 
distributions are equal in both experiments, which enforces the hypothesis of a 
maximum char accumulation attained when experimentation lasts long. 
 
Table IV - 6: Char distribution of flash pyrolysis experiments 
Biomass Rubber wood Cashew Jatropha Shea 
Run reference R1 R2 C3 C5 J1 J2 J3 S2 S1 
State 
Crude Crude Crude 
De-






߱௘௫௧௥௔௖௧௜௩௘௦ [wt%] 4.2 4.2 15.3 0.8 12.3 12.3 0.5 14.9 1.2
Experiment parameters 
     Duration 4 h 00 2 h 30 5 h 01 4 h 11 5 h 00 6 h 30 6 h 00 5 h 30 7h 00
     Gas flow rate [m3N/h] 2.0 2.2 3.4 3.4 3.4 3.4 3.4 3.4 3.4
m୆୑ [g] 1931 3000 1450 1775 1363 1927 1969 2162 1651
Q୆୑ [g/h] 480 1200 290 420 270 300 330 300 310
Absolute char distribution [g] 
     Reactor 19.5 2.4 197.1 124.7 222.8 263.7 197.5 159.4 159.2
     Cyclone 1 267.1 449.6 175.4 354.4 187.6 343.3 494.2 553.3 533.4
     Cyclone 2 2.9 8.8 0.2 2.0 1.4 0.0 0.8 0.3 16.0
Relative char distribution [wt%]* 
     Reactor 6.7 0.5 52.9 25.9 54.1 43.4 28.5 22.3 22.5
     Cyclone 1 92.3 97.6 47.1 73.7 45.6 56.6 71.4 77.4 75.2
     Cyclone 2 1.0 1.9 0.1 0.4 0.3 0.0 0.1 0.3 2.3
*... difference to 100% is recovered from walls of the cyclone system 
 
Char agglomeration is likely to happen after a certain amount of char has 
accumulated in the reactor and increases with experimentation time. The 
phenomenon of char agglomeration further is considerably favoured by the presence 
of extractible materials. The presence of extractives renders the biomass sticky 
whereas for the de-oiled cakes (extractive contents are 0.8, 0.5, and 1.2 wt% for de-
oiled CNSc, Jc and Sc respectively) the appearance is rather dry and friable. For de-
oiled cakes, the char agglomerates never were bigger than fingertips while for crude 






Figure IV - 7: Char agglomerates formed during flash pyrolysis test run C1 (left) 
and J2 (right) 
 
The char mass gain in the reactor can be observed during experimentation from 
temperature profiles as shown exemplary in Figure IV - 8 for experiment C3.  
Two linked phenomena can be observed concerning temperatures T4 and T5 
(respectively inside the bed and in the freeboard, see II.3.2.1). During the first third of 
the experiment (about 2.5 hours duration) T4 continuously decreased while T5 
continuously increased. Both temperatures stabilized and finally reversed: T4 
increased while T5 decreased, until a point where both temperatures were subjected 
to wider fluctuations after about 3 hours of experimentation.  
These behaviours are very different from observations made under stable operation. 
The steady accumulation of char in the reactor is assumed the reason for these 
observations. 
The first third of the experiment corresponds to the accumulation of reacting material 
on the beds surface (and therefore its increasing height), where biomass is 
continuously introduced but char is little entrained. Since pyrolysis is globally 
endothermic, this could result in the observed temperature decrease in the middle of 
the bed (T4). Moreover, over time, the level of the bed increases with accumulating 
hot char which results in T5 increase. When the accumulated char reaches the 
reduced diameter of the freeboard (Figure II - 6) further char produced is finally 
entrained due to higher carrier gas velocities, leading to the stabilisation of T5 during 
the second third of the experiment. 
The final third of the experiment probably corresponds to the agglomeration of sticky 
reacting biomass with bed material, which hinders correct fluidisation (fluctuations of 
temperatures) and possibly reactor plugging which could be detected through 
pressure drop increases in the reactor during a few other experiments. Exemplary, 
Figure IV - 9 shows this phenomenon for experiment C4 carried out with crude CNSc 
and the lifted bed. 
Origin of char accumulation and its bad entrainment probably is linked to the high 
apparent density (crude and de-oiled cakes about 650 vs. 300 g/l for wood) of the 
biomasses. High biomass density results in a relatively higher char density (see 





Figure IV - 8:  Temperature profile of flash pyrolysis experiment on crude CNSc 
(C3) (T2 – diffuser; T3, T4 – bottom, middle of fluidised bed; T5 – 
freeboard; T6 – entrance cyclone; T7 – entrance quench) 
 
 
Figure IV - 9:  Pressure drop profile of a flash pyrolysis experiment with crude 





































2.2.2 Pyrolysis oil recovery and quality 
The recovery of pyrolysis oil from rubber wood could be carried out as foreseen. The 
pyrolysis oil decanted almost entirely from IsoparV® and the pyrolysis oil/Isopar V® 
interface could easily be visually identified. Rubber wood pyrolysis oil appeared as a 
pseudo-homogenous free flowing dark brown till black liquid with low viscosity. 
The pyrolysis oil/IsoparV® interface was difficult to distinguish for pyrolysis oils 
obtained from the other biomasses (crude and de-oiled cakes). In fact, IsoparV®, 
initially transparent, changed its colour during experimentation. While for rubber 
wood the colour after experimentation was yellowish; for the other biomasses it 
became brown and thus resembles the pyrolysis oil. Especially for the pyrolysis oil 
from crude Sc the interface was almost impossible to identify. 
Although IsoparV® should have a low affinity or miscibility with pyrolysis oil, its 
extraction potential for certain pyrolysis compounds (phenol derived and guaiacols, 
compounds with low polarity) was already reported [29]. As IsoparV® is a mixture of 
saturated linear aliphatic hydrocarbons (C14 to C18); it might be miscible with 
compounds resulting from extractive pyrolysis. In the previous chapter, it has been 
shown that pyrolysis oils from crude jatropha and shea cake (but also from CNSc) 
contain linear long chain fatty acids and alkenes. These compounds probably are 
more miscible with IsoparV® than decomposition products from lingocellulosic 
biomasses. Thus, this extraction effect, on the one hand, results in potentially lower 
pyrolysis oil recovery. On the other hand, this is the reason for the colour change of 
IsoparV®, which consequently led to difficulties in interface identification. Such 
observations have already been reported for the ablative pyrolysis of used wood [30]. 
The pyrolysis oils from CNSc (crude and de-oiled) appeared mono-phasic with a dark 
brown until black appearance when recovered. The pyrolysis oil tended to glue to the 
walls of the recovery container, which might result in incomplete recovery. Although 
stocked at 5°C and in the dark phase separation occurred with time, but by shaking, 
the two phases were relatively easy to homogenise. 
Pyrolysis oils from crude and de-oiled jatropha were bi-phasic; the upper dark brown 
organic phase had a slight reddish touch. Homogenisation by agitation was not 
possible due to the high viscosity of the organic phase. 
The pyrolysis oil from de-oiled shea nut press cake was mono-phasic as produced 
but phase separated over time. The pyrolysis oil from crude shea nut press cake 
appeared pseudo-mono-phasic but contained a high amount of IsoparV® (optical 
evaluation). The decantation of the pyrolysis-oil/IsoparV® mixture was very slow. In 
fact, after several time spans (weeks to months) it was possible to remove different 
amounts of IsoparV® from the pyrolysis oil surface. 
The bi-phasic character of pyrolysis oils as produced has already been reported in 
literature especially for pyrolysis oils from forestry residues, barks, straw [31, 32], and 
in particular from press cakes of oil-bearing fruits [33-35]. Centrifuged vacuum 
pyrolysis oil from softwood bark results in an upper mayonnaise like layer rich in 
waxy material and a bottom layer rich in polar components [36]. Oasmaa et al. [31] 
related phase separation from freshly produced pyrolysis oils to high levels of hydro-




distribution of phases depends on feedstock composition, namely the amount and 
the quality of extractives, process and product collection. Top phases are 
characterised by low polarity, low water contents, and low densities. 
As it was shown in the previous chapter (rapid pyrolysis), pyrolysis oils from jaropha 
and shea cake contain waxy materials (fatty acids, alkenes) derived from extractives 
(= triglycerides) present in the parental biomass. Thus, these materials are likely to 
be the reason for phase separation. 
 
The high viscosity of the organic phases can negatively influence pyrolysis oil 
recovery when the viscous phase tends to glue to walls of the recovery system. 
Additionally, the bi-phasic character of the pyrolysis oils (phases typically cannot be 
mixed together [31]) may result in uncertainties when representative sampling is 
necessary for analyses. 
 
A completely different phenomenon, which was observed after crude Sc pyrolysis, is 
shown in Figure IV - 10. The negative electrode and the wall (mass) of the 
electrostatic precipitator were covered with pyrolysis oil, which was not able to flow 
freely. By recovering the deposits (Figure IV - 10, left) they transformed to a dark 
brown very viscous paste (Figure IV - 10, right). Due to its high viscosity, this part of 
the pyrolysis oil was not mixed to the pyrolysis oils recovered from the IsoparV® 
container but were included in the mass balance. 
 
 
Figure IV - 10: Inside of the electrostatic precipitator (view from the bottom; left: as 
formed after experiment; right: during recovery) 
 
A possible explanation for the formation of these deposits might be found within the 
thermal behaviour of shea butter, which is solid at room temperature. It has been 
shown in the previous chapter that pyrolysis oil from crude Sc contains long chain 
(saturated) fatty acids and alkenes. These decomposition products from triglycerides 
are rather solid at room temperature too, which hinders free flow. It might also be 
possible that the residual vegetable oils do ‘flash’ distillate under flash pyrolysis 
conditions [37] which would mean that shea butter is partially evaporated and 




deposits probably was less complete as if all pyrolysis oil flew down to the recovery 
container. 
What concerns the pyrolysis oil from crude Jc this phenomenon was not observed. It 
is, however, possible, that flash-distilled vegetable oil as well as its pyrolytic 
decomposition products from jatropha oil flow freely at ambient temperature as the 
jatropha vegetable oil itself. 
 
 
2.3 Mass balances of flash pyrolysis experiments 
The results concerning mass balances of flash pyrolysis experiments carried out on 
rubber wood, crude, and de-oiled cakes of cashew nut shells, jatropha and shea nuts 
are summed up in Table IV - 7. 
As discussed before, the pyrolysis oil/IsoparV® interface often was difficult to 
distinguish. Therefore, the highest incertitude is linked to the yield of the heavy 
weight pyrolysis oil fraction. Recovered quantity can be overestimated if IsoparV® 
was recovered with pyrolysis oil, or underestimated if the recovery was stopped 
before the real interface was reached. 
 
 
2.3.1 Mass balance of rubber wood flash pyrolysis 
Experiments carried out with the woody reference, rubber wood (R1, R2), did not 
reveal operational problems and could be started, maintained and stopped as it is 
foreseen by the procedure. The chosen process parameters (biomass flow rate and 
target temperatures) are based on previously made experiences at Cirad [2, 38]. 
Mass balances (Table IV - 7) are reproducible and comparable to those of Jendoubi 
et al. [9] carried out on beech wood. 
The least susceptible to errors is the recovery of char from the cyclones. Therefore, 
the char yield for rubber wood flash pyrolysis is very reproducible: 15% +/- 0.2%. This 
value corresponds to the order of magnitude of values reported in literature for wood 
pyrolysis under flash conditions with the aim to produce pyrolysis oils [39-42].  
The liquid yield of rubber wood flash pyrolysis is 59.9%+/- 2.5%. As the yield of the 
light fraction is almost equal (7.1 +/- 0.5%) the difference for the overall liquid yields is 
due to differences in the yields of the heavy fraction. As described before, the 
saturation of IsoparV® (see IV.2.2.2) during the first run is the reason for this. The 
overall liquid yield is comparable to values found in literature. Wang et al. [42] 
reported a liquid yield of 55.7% for padauk wood, beech wood yields about 64% of 
liquids [9], and pine about 60% [43]. 
Gas yields are reproducible with a mean value of 12.9% +/- 1.4%. The composition of 
the pyrolysis gas from rubber wood does not change in-between the two runs. 
Hydrogen content is relatively low (2.7% +/- 0.6%) comparable to the results of 
Jendoubi [2, 9]. The combined gas content of CO and CO2 is as high as 87.2% +/- 






2.3.2 Mass balances of CNSc flash pyrolysis 
Crude CNSc was used in preliminary tests to identify the operational conditions 
appropriate to run the flash pyrolysis pilot plant with non-lignocellulosic biomasses 
without reactor plugging. For reasons of simplicity and comparability, the mass 
balances of the tests C1, C2, and C4 are not presented here. Thus, this section 
covers the experiments C3 (crude CNSc) and C5 (de-oiled CNSc) carried out with 
the finally identified parameters and conditions. 
 
The overall mass balance closure for C3 is in the order of magnitude regularly 
obtained by the installation. A significant difference to the wood reference is found in 
the 10% higher char yield, i.e. 25.7%. In general, the char yield of agricultural 
residues is higher compared to wood. Straw and corncob yield 20-25% and 23% char 
respectively [9, 44]. 
The high char yield is to the expense of the liquid yield (53.9%) which is rather low 
compared to wood. However, this is in agreement to agricultural residue fast 
pyrolysis which yields about 54% for straw [2] and 41% for corncob [44]. Remarkable 
is the low yield of the heavy fraction (= 29.1%) which is about 15% lower compared 
to wood while the light fraction yields about 17% higher. On the one hand, this might 
be explained by secondary cracking of primary vapours, which passed the 
accumulated char in the reactor, i.e. the decomposition of heavy compounds to give 
lighter ones. On the other hand, a higher carrier gas flow compared to the reference 
conditions (Table IV - 5) probably entrains more components to the cold traps 
installed after the quench and the electrostatic precipitator. 
The gas yield of crude CNSc compared to rubber wood is slightly higher but in the 
same order of magnitude compared to other agricultural residues (straw = 15% [2]). 
However, the pyrolysis gas composition of crude CNSc is very different from the gas 
obtained by wood pyrolysis. Even compared to straw (52.8% [2]) the CO2 
concentration in the pyrolysis gas from crude CNSc is high. This might be linked to 
de-carboxylation of anacardic acid. In contrast CO concentration of crude CNSc 
pyrolysis gas is only half as high compared to wood and 2/3 of straw [2]. 
 
Due to a problem with the continuous functioning of the µGC, mass balance 
concerning flash pyrolysis of de-oiled CNSc must be discussed without gas (see 
Annexe 12). However, the sum of char and pyrolysis oil yield (62.5%) is relatively low 
compared to the crude CNSc (79.6%). Even if a similar gas yield as for crude CNSc 
is supposed the mass balance would be as low as 80%. 
Nevertheless, char yield is assumed correct, as it is the value, which is the least 
susceptible to measuring errors. It is slightly higher compared to the crude 
counterpart. This phenomenon has already been observed in rapid pyrolysis 
experiment and is explained by the lower volatile matter and higher fixed carbon 
content. 
In contrast, the pyrolysis oil yield is really low. A lower yield in the heavy fraction 
(about 5%) might be explained by the missing CNSL in the de-oiled cake. However, 




condensables. This might be explained by the fact that the de-oiled cake was dried 
prior to experimentation and thus the light fraction contains no water from biomass 
moisture but only pyrolytic water. 
 
 
2.3.3 Mass balances of jatropha cake flash pyrolysis 
Two test runs were carried out with crude jatropha cake (J1/J2) under the reference 
reactor conditions. Repetition was necessary due to a problem in the light 
condensable recovery during J1 (see Annexe 12).  
Overall mass balance of J1 and J2 differ slightly from each other but are each in the 
same order of magnitude compared to the experiments R1 and R2 respectively. 
Reasons for the less overall mass closure in-between J1 and J2 are (1) IsoparV® 
saturation during J1 as discussed before (IV.2.2.2) and (2) incomplete recovery of 
light condensables in the cold traps during J1. 
The char yields of the two tests are reproducible (30.9% +/-0.7%). However, these 
high values are not confirmed in literature. Boateng et al. [23] reported 25.5 and 
21.6% for penny cress and camelina cake in a fluidised bed reactor at about 500°C. 
Char yield from rape seed cake in quasi flash pyrolysis in a semi-continuous lab-
scale reactor equipped with an Archimedes screw resulted in a char yield of 21.7% at 
450°C [37]. Raja et al. [45, 46] reported char yield from jatropha cake flash pyrolysis 
of about 2.9% at 500°C but these results are doubtable because the fixed carbon 
content of their samples was 16%. 
The yield of the heavy oil fraction from jatropha cake pyrolysis is reproducible with 
32.4 +/-0.8%. Values reported in literature are contradictory. Boateng et al. [23] 
reported liquid yields for penny cress and camelina cake of 30.3 and 30.1% 
respectively. For rape seed cake 53.4% were reported at 450°C [37]. Liquid yields 
reported by Raja et al. [45, 46] range from 58 to 64%.  
Gas yields are les reproducible with 15.7% +/-3.2%. Values found in literature vary 
widely from about 10 to 40% [23, 46]. Gas composition is reproducible and even 
comparable to the pyrolysis gas composition from crude CNSc.  
What concerns de-oiled Jc the results of the mass balance are comparable to the 
results from crude Jc. In agreement with proximate analysis results char yield is 
slightly higher and pyrolysis oil yield lower due to the missing highly volatile 
vegetable oil. 
Differences in yields of this study compared to the literature can be explained by 
different reactor configurations and recovery systems. The cited references do not 







2.3.4 Mass balances of shea cake flash pyrolysis 
Mass balance of the flash pyrolysis experiment of de-oiled shea cake (S1) is 
inacceptable poor due to several reasons: 
(1) Fresh IsoparV® was used. 
(2) The recovery of light condensables was incomplete (see Annexe 12) 
resulting in a very low yield of light condensables 
(3) The char accumulated in the reactor was still hot after 24 h and thus might 
have reacted with air oxygen, when the head if the reactor was lifted. The 
glow was extinct with a small amount of water. 
(4) The recovery of heavy weight pyrolysis oil fraction was certainly incomplete. 
 
The char yield, under normal condition the least susceptible to errors, is relatively 
high (42.9%). Even though this is in agreement with results from the tubular furnace 
(comparison follows later) a measuring error might have occurred due to extinction of 
the glow and incomplete drying thereafter although a constant flow of air was 
imposed to the sand and char bed after extinction for several hours. However, the 
reported value for char yield from de-oiled Sc lies in the order of magnitude of 
possible values, especially when the char yield of de-oiled Jc (35.2%) and the value 
for crude Sc (33.1%) are put in relation. 
The most important impact on the bad mass closure of the balance of de-oiled Sc 
pyrolysis is due to the very low heavy oil fraction recovery and the incomplete 
collection of the light fraction. 
The gas yield of de-oiled Sc pyrolysis is comparable to the yield of de-oiled Jc 
pyrolysis and thus considered reliable. Gas composition is very close to the 
composition of pyrolysis gas from de-oiled Jc (J3). 
 
Table IV - 7: Mass balances of flash pyrolysis experiments 
Biomass Rubber wood Cashew Jatropha Shea 
Run reference R1 R2 C3 C5 J1 J2 J3 S2 S1 
IsoparV Fresh Used Used Used Fresh Used Fresh Used Fresh 
State Crude Crude Crude 
De-





߱௘௫௧௥௔௖௧௜௩௘௦ [wt%] 4.2 4.2 15.3 0.8 12.3 12.3 0.5 14.9 1.2
MB [%] 83.9 91.9 96.9 62.5* 84.8 91.1 88.7 117.9 68.8
௖ܻ௛௔௥ [%] 15 15.4 25.7 27.1 30.2 31.5 35.2 33.1 42.9
௣ܻି௢௜௟ା௟௜௚௛௧ [%] 57.4 62.3 53.9 35.4 35.7 47.1 39.8 70.6 12.6
௣ܻି௢௜௟[%] 50.8 54.8 29.1 23.9 31.6 33.1 28.6 54.6 10.4
௟ܻ௜௚௛௧ [%] 6.6 7.5 24.7 11.5 4.1 13.9 11.2 16.0 2.2
௚ܻ௔௦ [%] 11.5 14.2 17.3 -- 18.9 12.5 13.8 14.2 13.2
Gas composition [vol%] 
     H2 3.3 2.1 3.6 -- 2.6 3.0 2.7 4.6 2.8
     CH4 7.1 7.1 7.4 -- 11.3 7.0 6.7 7.7 12.1
     C2H4 + C2H6 1.5 1.6 1.4 -- 1.7 1.9 1.8 2.1 0.7
     CO 41.5 42.6 22.0 -- 22.5 25.6 29.0 21.2 21.3






The mass balance of crude Sc (S2) is superior to 100%. Too much of the heavy oil 
fraction was recovered. This might have two reasons: 
(1) Residues from the former test run (S1) with de-oiled cake were recovered. 
(2) The slow phase separation made it impossible to identify the pyrolysis 
oil/saturated IsoparV® interface. 
Light condensables, char, and gas yield are in the same order of magnitude as for 
crude Jc (J2). 
 
 
2.4 Comparison of rapid and flash pyrolysis experiments 
The results obtained on the tubular rapid pyrolysis fixed bed furnace (RP) and the 
flash pyrolysis fluidised bed (FP) are compared in this chapter. For comparison 
reasons, the results are gathered in Table IV - 8. Concerning the flash pyrolysis 
experiments, only those experiments, which were assumed to be representative 
under the applied parameters and conditions are mentioned. Crude press cakes 
have not been dried prior to flash pyrolysis experimentation. Therefore, the 
experimentally determined yields (original values in Table IV - 7) were converted into 
yields on dry biomass basis for comparison reasons. 
 
Rubber wood was the reference biomass with which no operational problems 
occurred during flash pyrolysis. Thus, a direct comparison of yields is the most 
credible. The mass closure of the flash pyrolysis (FP) experiment is slightly lower 
compared to the rapid pyrolysis (RP) probably due to the more complex system, 
which results in a more difficult product recovery. For example, pyrolysis oil recovery 
was negatively influenced when liquids were not entirely entrained by the quenching 
liquid. However, the known higher liquid yield linked to higher heating rates is 
confirmed by the higher pyrolysis oil yield from rubber wood in FP compared to RP. 
For the non-lignocellulosic biomasses liquid yield comparison for the two reactor 
systems is almost impossible due to the difficulties in FP oil recovery described 
above.  
 
As higher heating rates in pyrolysis favour the production of liquid (and maybe 
gaseous) products at the expense of char, in a general manner, it can be seen from 
Figure IV - 8 that the char yield for RP experiments is higher compared to FP. The 
differences range from 2 to 6%. 
 
The gas yields of all samples do not significantly change with the experimental set 
up. The difference from RP to FP is smaller than 2.2%. Thus, one might assume that 
secondary cracking in the tubular furnace is limited although the condensable 
vapours spent more time in the hot zone compared to FP. Even the gas compositions 




Table IV - 8: Comparison of rapid and flash pyrolysis experiments 
Biomass Rubber wood CNSc Jc Sc 






















Run ref.  R2   C5 C3   J3 J2   S1 S2 
߱௘௫௧௥௔௖௧௜௩௘௦ [wt%] 4.2 4.2 ~0 15.3 0.8 15.3 ~0 12.3 0.5 12.3 ~0 14.9 1.2 14.9 
MB [wt%] 95.2 90.8* 93.9 95.7 62.5x 96.5* 93.7 96.1 88.7 90.2* 94.4 94.2 68.8 119.1* 
௖ܻ௛௔௥.ௗ௥௬	஻ெ	௕௔௦௜௦ 23.3 17.4* 33.7 32.0 27.1 28.8* 39.9 36.4 35.2 34.4* 45.4 37.8 42.9 35.4* 
௣ܻି௢௜௟.ௗ௥௬	஻ெ	௕௔௦௜௦ 54.0 57.4* 42.1 46.4 35.4 48.3* 39.3 46.2 39.8 42.1* 33.7 43.0 12.6 68.6* 
߱ுమை[wt%] 40.3 26.6 R1/R2 
59.6 46.4 22.5 29.4 
C2/C3 
59.6 44.7 18.9 24.8 
J1/J2 
73.8 44.5 13.9 6.9 
௚ܻ௔௦.ௗ௥௬	஻ெ	௕௔௦௜௦ 17.8 16.1* 18.1 17.2 -- 19.4* 14.5 13.5 13.8 13.6* 15.3 13.4 13.2 15.2* 
Gas composition [vol%] 
     H2 5.1 2.1 2.9 4.1 -- 3.6 3.1 3.4 2.7 3.0 2.0 2.9 2.8 4.6 
     CH4 10.3 7.1 4.2 5.9 -- 7.4 9.1 8.8 6.7 7.0 4.8 6.2 12.1 7.7 
     C2H4 + C2H6 2.7 1.7 1.8 3.1 -- 1.4 2.2 4.4 1.8 1.9 2.0 3.4 0.7 2.1 
     CO 41.0 42.6 27.7 27.5 -- 22.0 29.5 23.8 29.0 25.6 18.9 17.8 21.3 21.2 
     CO2 40.9 46.5 63.4 59.5 -- 65.6 56.1 59.6 59.7 62.6 72.2 69.7 63.2 64.5 





2.5 Chemical characterisation of pyrolysis oils 
In this chapter the chemical composition of the flash pyrolysis oils are discussed. 
Firstly, water content and higher heating values are presented. Secondly, the 
pyrolysis oils obtained from flash pyrolysis oils were analysed concerning their 
chemical composition. 65 compounds commonly found in pyrolysis oils from wood 




2.5.1 Water content and higher heating value 
Figure IV - 11 shows water contents and higher heating values of the pyrolysis oils. 
For reasons of simplicity, the pyrolysis oils from experiments under equal conditions 
are mixed. Values reported concern the mixture. 
The water content and the higher heating value of the rubber wood pyrolysis oils are 
in the ranges of those reported in literature [41]. 
For cashew and jatropha, the pyrolysis oils from de-oiled cakes reveal lower water 
content and lower HHV compared to the pyrolysis oils from crude cakes. HHVs are 
significantly higher for pyrolysis oils from crude cakes compared to rubber wood 
pyrolysis oils. This must be due to the presence of CNSL and triglyceride as well as 
their decomposition products. 
The HHV of pyrolysis oil from de-oiled Sc is higher compared to the de-oiled Jc, 
which is probably due to the significantly lower water content. It is worth noting that 
sampling is strongly affected by the bi-phasic character of the pyrolysis oils, which 
could influence the measurements. 
The low water content but mainly the HHV of the recovered pyrolysis oil from crude 




Figure IV - 11: Water content and higher heating value of flash pyrolysis oils (with 


























2.5.2 Presentation of GC/MS chromatograms of flash pyrolysis oils 
The GC/MS chromatograms of the FP oils are shown in Figure IV - 12 for crude and 
de-oiled CNSc (and rubber wood for the reason of completeness), in Figure IV - 13 
for crude and de-oiled Jc and in Figure IV - 14 for crude and de-oiled Sc. 
The chromatograms of the two CNSc pyrolysis oils resemble each other. The main 
difference lays in the abundances of compounds, which are linked to not 
decomposed CNSL as discussed for pyrolysis oils from rapid pyrolysis. Both of the 
chromatograms are dominated by the peaks, which correspond to crude CNSL 
compounds (about 78 min). A detailed identification of major peaks can be found in 
Annexe 13.  





Figure IV - 12: GC/MS chromatograms of flash pyrolysis oils from crude and de-
oiled CNSc and rubber wood 
 
The chromatograms of FP oils from jatropha and shea cake (Figure IV - 13 and 
Figure IV - 14 respectively) have a further particularity. Especially for the FP oils from 
the crude cakes, the presence of IsoparV® becomes evident through the wide hill 
between 35 and 60 min retention time. 
As can be seen, a high concentration of IsoparV® in the pyrolysis oil has a negative 
effect on the resolution of the peaks. As peaks are not very clear, compound 
identification and quantification (see IV.2.5.3) are limited.  
CrudeCNSc 
 


























Figure IV - 13: GC/MS chromatograms of flash pyrolysis oils from crude and de-
oiled Jc 
 
One should additionally note that FP oils from Sc were carried out chronologically 
after experiments with CNSc. Thus, the peaks at about 78 min in both of the 
chromatograms in Figure IV - 14 are CNSL compounds (see Annexe 13) which were 








































2.5.3 Typical pyrolysis oil compounds 
The 65 compounds typically GC-identified in flash pyrolysis oils from lignocellulosic 
biomasses grouped into chemical families are gathered in Table IV - 9. Due to the 
operational problems and the difficulties during pyrolysis oil recovery the results 
presented here are not in form of yields but concentrations in mg chemical group per 
g dry pyrolysis oil. For comparison purpose the composition of the pyrolysis oils from 
RP are shown in an equal manner (in contrast to Table IV - 2). 
 
FP oil from rubber wood contains more quantifiable compounds compared to its RP 
counterpart. Reason is the abnormally high concentration of methanol (19.2 wt%, 
only alcohol quantified; see Table IV - 9). Methanol is mainly a fragmentation product 
of hemicelluloses and lignin [1, 3] but can also result from the decomposition of wood 
extractives [47]. However, the extractive content measured in rubber wood is low 
(see part II.1) and cannot explain such a high methanol concentration in the pyrolysis 
oil. Although integration of GC/MS chromatogram and calculation were verified 
several times, this high methanol concentration must emanate from an unidentifiable 
error; especially when the much lower methanol concentration in RP oil is taken into 
account. If, for FP, the methanol concentration would range in the order of magnitude 
as for RP the overall identifiable compounds would be in the same order of 
magnitude in-between the pyrolysis oils from the two experimental set-ups too, i.e. 
about 500 mg/g dry pyrolysis oil. 
The concentration of aldehydes and ketones is higher in rubber wood FP oil 
compared to RP oil as well. This is principally due to a much higher concentration of 
glycolaldehyde (dimer) (121.3 vs. 54.7 mg/ g dry pyrolysis oil). In contrast, the 
concentration of acids is higher in RP oil than in FP oils. In fact, acetic acid is almost 
twice as concentrated in RP oil as in FP oil. 
 
Concerning the composition of pyrolysis oils from cakes of cashew, jatropha and 
shea it is remarkable that in a general matter the quantification of typical pyrolysis oil 
compounds is more complete for RP compared to FP. This might have two reasons, 
which are linked to the design and procedure of flash pyrolysis. Firstly, the high 
carrier gas flow (also compared to rubber wood flash pyrolysis, Table IV - 5) might 
carry over a part of light compounds such as alcohols (methanol), acids, and 
aldehydes/ketones (Table IV - 9) to the cold traps with the result that these are not 
accessible for quantification. Secondly, the presence of IsoparV® as discussed in 
section IV.2.5.2 and illustrated in Figure IV - 12, Figure IV - 13 and Figure IV - 14 
might negatively influence the visibility of the peaks and thus influences negatively 
the overall quantification. 
 
By regarding single chemical groups or chemicals, one can see the following from 
Table IV - 9. Levoglucosan is more concentrated in the pyrolysis oils from FP 
compared to those obtained by RP. Probably under flash conditions, the primary 
decomposition product of cellulose remains in the vapours while under rapid 




Concerning cashew the common pyrolysis oil components of FP oils from de-oiled 
and crude CNSc do not show significant composition differences. Main products are 
acids, levoglucosan and aldehydes/ketones. Compared to wood the higher 
concentrations of phenols are remarkably in both de-oiled and crude CNSc FP oils. 




Table IV - 9: Pyrolysis oil composition on water free basis [mg (chemical group)/g(dry pyrolysis oil)] 
Biomass rubber wood CNSc Jc Sc 
Pyrolysis type RP FP RP FP RP FP RP FP 













Alcohols 57.3 192.7 58.0 35.2 4.2 4.5 75.6 30.3 3.1 2.5 37.9 0.00 0.0 0.0
Aldehydes/Ketones 137.6 231.1 85.9 60.8 59.9 61.7 9.4 2.8 2.8 1.6 9.2 5.9 2.4 1.1
Acids 210.1 153.4 205.4 105.3 85.7 76.3 227.0 75.1 120.2 67.6 180.9 60.1 50.7 9.8
Furanes 22.2 7.4 40.4 22.42 11.9 9.0 18.1 6.9 6.7 5.8 19.2 6.0 6.7 1.8
Aromatics with N 0.1 0.2 1.1 0.8 0.9 1.0 2.4 2.4 0.6 0.6 2.9 1.9 0.5 0.3
Aromatics 0.5 0.1 1.1 2.0 0.1 0.1 1.5 2.2 0.1 0.2 4.4 5.4 0.1 0.5
Sugars 34.8 53.8 26.8 19.9 60.3 51.6 5.7 2.5 17.0 7.1 6.1 2.7 16.0 6.2
Phenols 7.8 5.0 26.3 18.6 16.6 13.2 17.0 16.5 8.2 10.6 63.9 17.4 24.0 8.2
Guaiacols 3.0 4.3 2.3 0.6 4.4 5.5 12.9 7.4 15.5 12.6 0.9 0.2 1.7 0.8
PAH's 0.3 0.1 0.8 0.9 0.0 0.1 0.6 0.5 0.0 0.0 1.3 0.6 0.0 0.1




2.5.4 Non quantifiable pyrolysis oil compounds 
This section focuses on the compounds, which are probably results from extractive 
decomposition and are not quantifiable due to lacking calibration curves. The 
concerned chromatograms, which previously were used to quantify typical pyrolysis 
oils compounds (pyrolysis oil method, see IV.2.5.3) with highlighted major peaks can 
be found in Annexe 13. This Annexe also contains tables, where the area 
percentages of the highlighted peaks for all pyrolysis oils are compared. 
 
In equivalence to the discussion of RP oils the relative area percentages of crude 
and de-oiled CNSc are summed up for retention times inferior to 73 min, which 
corresponds to CNSL and solid matrix decomposition products, as well as for 
retention times superior to 73 min, which corresponds to uncracked CNSL. The 
results are shown in Table IV - 10. 
 
The area percentage of compounds linked to crude and uncracked CNSL covers 
almost half of the whole chromatogram for crude CNSc FP oil. This is in surprising 
agreement with the results found for the chromatogram of pyrolysis oil obtained by 
RP of crude CNSc (Figure IV - 11). However, area percentages can only be 
interpreted as trends. For exact quantification calibration would be necessary. 
The relatively high area percentage of 19.0% for compounds with retention times 
superior to 73 min for the de-oiled CNSc FP oil might have two reasons. Firstly, 
because FP oils from CNSc did glue to the walls of the recovery container it could be 
possible that pyrolysis oil from the former runs on crude cakes was recovered. 
Secondly, the extracting procedure to obtain high quantity de-oiled CNSc for FP 
experiments was less effective compared to Soxhlet-extraction which was applied for 
the de-oiled cake used for RP. However, the intensities of the crude CNSL peaks are 
lower for the de-oiled CNSc pyrolysis oil while the peaks for decomposition products 
from the solid matrix are more intense which can be seen from the area percentages 
as well.  
 
Table IV - 10: Sum of area percentages of CNSc chromatograms in function of 
retention time 
 RT [min] Crude CNSc De-oiled CNSc 
Crude CNSL compounds  > 73 47.7% 19.0% 
CNSL and solid matrix decomposition products < 73 52.2% 80.9% 
 
Because of the high concentration of IsoparV® in the FP from jatropha and shea, it 
was decided not to inject them into the GC/MS column adapted to triglycerides and 
fatty acids as it was made for RP oils. Due to IsoparV® the methodology of summed 
area percentage over certain retention times spans (as for RP oils) loses more of its 
already poor significance. Thus, major peaks of the chromatograms of the ‘pyrolysis 
oil’ column (Annexe 13) are discussed. 
As one can see, the above mentioned IsoparV® hill is more intense in the 




from press cakes from oil bearing fruits are partially miscible with the isoparaffin. The 
area percentages should not be significantly influenced by the presence of IsoparV® 
as the integration is carried out in a valley-to-valley manner. In contrast, the presence 
of IsoparV® influences the quantification carried out in the previous section where 
absolute concentrations were calculated.  
However, most peaks in the lower retention time range (up to 50 min) are 
decomposition products of the solid matrix of the Jc and Sc. The area percentages of 
these compounds are mostly higher in the pyrolysis oil from de-oiled cakes than from 
the crude counterpart. 
However, there are exceptions. For example dodecane,2,6,10-trimethyl (jatropha, 
peak 14) or hexadecane,2,6,10,14-tetramethyl- (shea; peak 13) are supposed to be 
decomposition products from triglycerides in the de-oiled cake.  
The chromatograms of pyrolysis oils from crude cakes reveal intense peaks with high 
area percentages at higher retention times (60 to 70 min). These are decomposition 
products of vegetable oils present in the crude Jc. Therefore, their area percentage is 
higher in chromatograms from crude cakes. 
 
What concerns the pyrolysis oil of crude Sc in particular the presence of IsoparV® is 
dominating the whole chromatogram. This results not only in less intense peaks but 
explains also the low concentration determined in the previous chapter. High 
IsoparV® concentration in pyrolysis oils, which probably contain relatively high 
amounts of linear long chain hydrocarbons, enforces the hypothesis that 
decomposition products from triglycerides are more miscible with IsoparV® than 
decomposition products from lingocellulosic biomass. 
Smets et al. [37] even reported that triglycerides present in rape seed cake undergo 
flash distillation in a flash pyrolysis systems and thus do principally not or only to a 
minor extent decompose. As the GC/MS column applied here cannot detect 
triglycerides, it is not possible to confirm this observation. 
 
 
3 Conclusion concerning pyrolysis of extractive rich 
biomasses 
The influence of different extractive contents on thermo-chemical conversion and on 
yields as well as composition of pyrolysis products was subject of this chapter. The 
biomasses were derived into samples with different extractive contents. Samples with 
extractives content from 0 to 100 % were pyrolysed in a lab-scale tubular rapid 
pyrolysis reactor. Samples with extractives contents from 0 to 15 % were pyrolysed in 
a pilot scale fluidised bed flash pyrolysis reactor. 
 
Rapid pyrolysis experiments revealed that liquid yields increase with increasing 
extractive content in the initial biomass, while char and gas yield decrease. Char 
composition is almost not influenced by the initial extractive content due to their 




the extractives. The higher the extractive content the lower the gas yield, but the 
higher the HHV of the gases due to higher concentrated short chain hydro-carbons. 
The detailed analyses of the pyrolysis oils revealed that extractives yield in 
compounds different from those obtained in typical pyrolysis oils from lignocellulosic 
biomass. This resulted in lower yields of compounds quantifiable with classical 
GC/MS analytical method. However, a semi-quantitative method was used to 
investigate compounds distribution in function of their retention time. 
It was shown that half of crude CNSL is recovered in an un-cracked state while the 
phenolic ring appears to be quite stable as several phenolic compounds could be 
identified in CNSL pyrolysis oil. In contrast, the alkyl side chains are cleaved to a 
certain extent. For cashew samples no molecules were clearly detected that could 
prove interaction of CNSL and the solid matrix. The decomposition of vegetable oils 
in the presence of protein results in nitrogenous long chain hydrocarbons, which is a 
sign for interaction. 
Contrary to CNSL, vegetable oils are cracked entirely under rapid pyrolysis 
conditions resulting in linear carbon chains. Pyrolysis of vegetable oils in the 
presence of nut-derived proteins results in long chain nitrogen containing molecules, 
which is a sign for interaction of extractives and solid matrix.  
The pyrolysis of unexploited CNS, CNSc and press-cakes of oil-bearing fruits might 
deliver valuable products. The presence of CNSL or vegetable oil during pyrolysis 
results in liquid products, which are close to Diesel fuel [48, 49]. Thus, the chemical 
pyrolysis oil composition might be more favourable compared to pyrolysis oils from 
ordinary lignocellulosic biomass. Furthermore, chemicals appreciated in green 
chemistry, such as phenols and amines, could be extracted.  
 
Flash pyrolysis experiments in a pilot scale fluidised bed reactor were carried out with 
crude feedstock, namely cashew nuts shell cake, jatropha cake and shea cake. 
These contain about 10 to 15% extractable materiel, i.e. cashew nut shell liquid and 
vegetable oil, respectively. To study the influence of these extractives on reactor 
performance and quality of resulting pyrolysis oils, de-oiled cakes were pyrolysed as 
well. 
Experiments were first carried out on rubber wood with reference conditions. 
However, these reference conditions resulted in operational problems with the other 
biomasses (reactor plugging). Several reasons can be enumerated to explain this. 
On the one hand, the extractive rich biomasses have higher apparent and absolute 
density, which results in a higher density of the chars. Higher char densities are 
consequently the reason for hindered entrainment. On the other hand, char 
agglomeration occurred in the reactor, which is aggravated by the presence of the 
extractives. These phenomena might retard the utilisation of these agricultural 
residues available in West Africa to convert them into pyrolysis oils. 
Nevertheless, novel operating conditions were tested to reduce the mentioned 
problems and allow stable operation: lower height of bed material with a higher 
particle size distribution and higher carrier gas flow rate were applied in association 




problems were not completely overcome. Char accumulation and agglomeration 
especially for the crude cakes, took place during experimentation, which would 
certainly lead to reactor blocking if the experiments would last longer. Thus, other 
fast pyrolysis reactors (technologies) might be more adapted to these non-typical 
biomasses and should be tested in the future. For instance, circulating or entrained 
fluidised beds, where carrier gas velocities are much higher, might solve the problem 
of char accumulation in the reactor and as a result also the agglomeration might not 
take place. Disadvantage of these reactor systems is the high dilution of the pyrolysis 
vapours with carrier gas, which renders condensation more demanding. Free fall 
reactors have already been reported in literature for press cakes of oil-bearing fruits 
and might be advantageous compared to circulating beds due to lower dilution of the 
vapours. Within these reactors the biomass and char particles do neither have any 
contact to each other and can react independently nor do they have the possibility to 
interact with heat carrier material. Ablative plate pyrolysis reactors do not require 
carrier gas at all. However, the particle size of press cakes is not convenient as 
larger particle sizes are conventionally used. Briquetting prior to pyrolysis is 
imaginable, but would add a further biomass treatment step, which is unfavourable 
when decentralised biomass conversion is the objective.  
 
However, in spite of these operating problems, this study adds important experiences 
in the field of flash pyrolysis of (extractive rich) agricultural residues which so far 
never have been subject in other studies (cashew nut shell cake and shea cake). 
Char yields of flash pyrolysis of press cakes are considerably higher compared to 
wood, especially for (de-oiled) shea cake. Gas yields are in the same order of 
magnitude as for wood. Gas composition differs significantly from wood especially 
concerning the concentrations of carbon mon– and dioxide which are much higher 
compared to wood. It has been possible to prepare flash pyrolysis oils with all 
selected extractive rich biomasses and their de-oiled counterpart. Mass balances 
were obtained from all experiments. However, these suffered from the above-
discussed operational problems and are, in places, inaccurate. 
 
The pyrolysis oils obtained from press cakes have lower physical qualities compared 
to (trunk) wood. They appear bi-phasic as produced (jatropha cake) or after short 
stocking time (cashew nut shell cake), the organic phases are very viscous and tend 
to glue to the walls of the recovery equipment. The quenching liquid IsoparV® seems 
not to be appropriate for the recovery of pyrolysis oils from press cakes. Due to the 
nature of the decomposition products from extractives, the miscibility of the 
isoparraffin with pyrolysis oil compounds is increased. Long-chain hydrocarbons as 
alkanes, alkenes, and fatty acids are more miscible than smaller molecules 
commonly found in pyrolysis oils from lignocellulosic biomasses, which renders 
phase separation and pyrolysis oil recovery almost impossible. However, staged 
condensation also risks resulting in two (or more) not miscible phases; one very 
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This chapter is dedicated to the rheological characterisation of flash pyrolysis oils 
whose production was described in the previous chapter. The viscosity dependency 
on temperature and methanol addition was investigated. The production of emulsions 
with other bio-fuels with the aim to enhance pyrolysis oil homogeneity and stability 




1 Rheological characterisation of the pyrolysis oils 
The physical property ‘viscosity’ of the flash pyrolysis oils obtained from rubber wood, 
de-oiled and crude cashew nut shell, jatropha and shea cake was determined by 
rheological analysis. Thixotropic loop tests using a cone and plate viscometer 
“Rheometrics RFS II” applying a shear rate ranging from 1 to 50/s at 25°C were 
carried out for this purpose. 
Rheological behaviours of pyrolysis oils at 25°C are presented in Figure V - 1. One 
can observe a linear variation of the shear stress versus the applied shear rate for 
the pyrolysis oils from rubber wood, de-oiled CNSc and also for jatropha oil, bio-
diesel and CNSL, traducing a Newtonian behaviour, which means the non-
dependency of their viscosity on the shear rate. However, a nonlinear variation of the 
shear stress versus the shear rate was observed for de-oiled Jc, de-oiled Sc and 
crude Sc, traducing a non-Newtonian behaviour of these pyrolysis oils. Thus, the 
viscosities depend on the imposed shear rate.  
Newtonian behaviour for pyrolysis oils from wood has already been documented in 
literature for shear rates from 1 to 100/s [1]. Thus, Oasmaa et al. [2-4] proposed in 
their guides to physical properties characterisation of biomass based pyrolysis oils to 
use the ASTM D 445, which is dedicated to standard fuels and measures the 
kinematic viscosity. However, Newtonian behaviour mostly is observed for pyrolysis 
oils obtained from white wood, which generally have the best physical properties 
among biomass pyrolysis oils. However, if the rheological behaviour is non-
Newtonian, the kinematic viscosity is not relevant.  
Shear thinning behaviour also has been reported for pyrolysis oils in literature [5-7]. 
Karunanithy et al. [6] analysed the rheological behaviour of pyrolysis oils from aspen, 
canola straw and corn cob obtained by microwave pyrolysis and reported non-
Newtonian behaviour for all of them. Ortega et al. [7] analysed vacuum pyrolysis oils 







Figure V - 1: Rheological behaviour of pyrolysis oils at 25°C 
 
Pyrolysis oils having a pseudo-plastic (shear-thinning) behaviour could be described 
using the Ostwald-de-Waele law, which is given by the following relation: 
࣎ ൌ ࢑ ∗	ࢽࣅ         Equation V - 1 
 
With: ߬ ... Shear stress [Pa] 
 ݇ ... Consistency index [Pa*sλ] 
 ߛ ... Shear rate [1/s] 
 ߣ ... Behaviour index [-] 
 
The apparent dynamic viscosity ߟ௔ is defined as: 
ࣁࢇ ൌ ࣎ࢽ          Equation V - 2 
 
By inserting the first into the second equation one obtains: 
ࣁࢇ ൌ ࢑ ∗ ࢽࣅି૚        Equation V - 3 
 
The rheological behaviour could not be determined for pyrolysis oils from crude 
CNSc and Jc due to their heterogeneity and the rapid phase separation of the 
organic from the aqueous phase during the tests. Moreover, measuring difficulties 
resulting in serious errors have been observed during tests as already documented 
by Radovanovic et al. [8]. Nolte et al. [9] reported problems with two-phase samples 
which seemed to be similar to those presented here. Under high shear rates, the 
organic phase was ejected leaving only the water phase in the cone and plate 
geometry. 
 
Due to the bi-phasic structure of the pyrolysis oils examined representative sampling 
was difficult and so the results obtained, concerning viscosities or the power law 






















mentioning that it was not the main objective to determine accurate viscosity values 
but more to examine the principal rheological behaviour and to give orders of 
magnitude. 
Generally, the dynamic viscosity of pyrolysis oils varies from about 30 to 2000 mPa*s 
at 25°C [3, 8]. The values obtained in this study are within this range. 
The behaviour indexes of the non-Newtonian pyrolysis oils are in the same order of 
magnitude, which means that they have the same shear-thinning behaviour. 
Consistency indexes are very different, traducing the fluids viscosities to be very 
different. This behaviour could be explained by a breakdown of the waxy structure 
resulting in lower viscosity under higher shear rate. The presence of waxy materials 
is reported to be the reason for non-Newtonian behaviour. For example, for crude 
petroleum oils, the rheological behaviour switches from Newtonian to non-Newtonian 
with a wax fraction of around 1 to 2 wt% [10]. As it has been shown in the previous 
chapter the pyrolysis oils contain fatty acids which are a part of the waxy materials. 
These waxy materials form three-dimensional structures especially at lower 
temperatures. At high shear rates these structures might be destroyed which results 
in lower viscosities [6]. 
 
It should be noticed that the power law constants as well as the calculated viscosity 
for crude Sc pyrolysis oil are strongly influenced by the presence of IsoparV® and 
should be regarded with care. IsoparV® has a kinematic viscosity of 8.1 mm2/s (40°C) 
and a density of 0.918 kg/l, which results in a dynamic viscosity of 0.00634 Pa*s. 
 
Finally, biofuels (easily) available in West Africa (jatropha oil, biodiesel, and CNSL) 
which should be used for formulation to stabilise pyrolysis oils are Newtonian liquids 
with very different viscosities (Table V - 1). Jatropha oil was reported to have a 
kinematic viscosity of 55 mm2/s and a density of 920 kg/m3 (20°C) [11], which 
corresponds to a dynamic viscosity of 0.0506 Pa*s. Biodiesel obtained from jatropha 
oil has a kinematic viscosity of 4.8 mm2/s and a density of 880 kg/m3[12], which 
corresponds to a dynamic viscosity of 0.004 Pa*s. Natural CNSL was reported to 
have a dynamic viscosity of about 0.4 Pa*s [13]. Thus, the values reported in Table V 
- 1 are in the same order of magnitude as the values found in the literature. 
 
Table V - 1: Rheological parameters of the pyrolysis oils studied at 25°C 
Pyrolysis oil k [Pa*sn] λ [-] ࣁࢇ[Pa*s] Comment Rubber wood 0.026 1 0.026 Newtonian 
De-oiled CNSc 0.091 1 0.111 Newtonian 
De-oiled Jatropha cake 6.036 0.303 0.395* Pseudo-plastic 
De-oiled Shea cake 4.83 0.407 0.475* Pseudo-plastic 
Crude Shea cake** 1.25 0.31 0.081* Pseudo-plastic 
     
Jatropha oil 0.025 1 0.025 Newtonian 
Biodiesel 0.004 1 0.004 Newtonian 
CNSL 0.334 1 0.334 Newtonian 







2 Effect of temperature on the rheological behaviour of 
pyrolysis oils 
The temperature dependent behaviour of a fuel is an important property if the fuel is 
exposed to varying climatic conditions and temperature changes during storing and 
use [9]. Moreover, temperature dependency plays an important role in design and 
operation of the fuel injection system, as well as on the atomisation quality and 
subsequent combustion properties of the fuel. 
In order to evaluate the temperature effect on the rheological behaviour, and thus the 
viscosities, rheological measurements were carried out for the different pyrolysis oils 
at 25, 40, 60 and 80°C. Table V - 2 summarizes the power law constants (and the 
corresponding temperatures) obtained from the tests giving the variation of the shear 
stress versus the shear rate; rheograms are regrouped in Annexe 14. 
 
Table V - 2: Power law constants of the pyrolysis oil at different temperatures 
 
*... presence of IsoparV® 
 
The consistency index is decreasing with increasing temperature, which results 
directly in a viscosity decrease for the Newtonian liquids. The behaviour index, for 
non-Newtonian pyrolysis oils, is globally increasing with temperature, which means 
that the pyrolysis oils behave more, and more like Newtonian liquids with higher 
temperatures. For de-oiled Sc this statement is not very true. This can be explained 
by the fact that during experimentation the pyrolysis oil was partially ejected/carried 
out from the measurement equipment, which results in measurement errors. 
For each temperature, the non-Newtonian pyrolysis oil viscosities were calculated at 
50/s shear rate, by the aid of Equation 3. The results obtained are regrouped in 
Pyrolysis oil Power law constants and viscosities 
Temperature
25°C 40°C 60°C 80°C 
Rubber wood 
k 0.026 0.013 0.008 0.004 
λ 1 1 1 1 
ࣁࢇ 0.026 0.013 0.008 0.004 
De-oiled CNSc 
k 0,091 0.030 0.008 0.007 
λ 1 1 1 1 
ࣁࢇ 0.091 0.013 0.008 0.007 
Crude CNSc 
k -- 0.152 0.043 0.004 
λ -- 0.971 0.957 1 
ࣁࢇ -- 0.136 0.036 0.004 
De-oiled Jc 
k 6.036 0.915 0.136 0.042 
λ 0.303 0.777 0.855 0.906 
ࣁࢇ 0.395 0.382 0.077 0.029 
Crude Jc 
k -- -- 0.208 0.027 
λ -- -- 0.438 0.525 
ࣁࢇ -- -- 0.023 0.004 
De-oiled Sc 
k 4.83 1.005 0.136 0.074 
λ 0.407 0.649 0.883 0.786 
ࣁࢇ 0.475 0.255 0.086 0.032 
Crude Sc* 
k 1.25 0.009 0.006 0.003 
λ 0.3 1 1 1 




Figure V - 2, for rubber wood, crude and de-oiled CNSc pyrolysis oil, and Figure V - 3 
for pyrolysis oils obtained from crude and de-oiled Jc and Sc respectively.  
The exponential decrease of the viscosity of the various pyrolysis oils tested 
converges and approaches almost the same viscosity for all the pyrolysis oils at high 
temperature (80°C). The increase in temperature tends to increase molecular 
interaction and reduces attractive forces between molecules. However, in liquid, the 
reduction in attractive forces is much more significant than increases in molecular 
interaction and, therefore, viscosity decreases with increasing temperature.  
 
 
Figure V - 2: Effect of temperature on viscosity of rubber wood pyrolysis oil (left) and 
crude and de-oiled CNSc pyrolysis oil (right) (shear rate = 50/s for non-
Newtonian pyrolysis oils) 
 
The pyrolysis oil from de-oiled CNSc has a lower viscosity than the pyrolysis oil of the 
crude CNSc. In the previous chapter, it has been shown that CNSL evaporates 
during pyrolysis process and recondenses to a certain extent. Cracking takes places 
only partially. It has been shown above (Table V - 1) that the viscosity of crude CNSL 
is relatively high. Thus, if crude CNSL is recovered in the pyrolysis oil of crude CNSc 
as such it might increase the viscosity of the pyrolysis oil. However, this can only be 
a hypothesis as CNSL was (in smaller quantities) also recovered in the pyrolysis oil 
from de-oiled CNSc (see chapter IV).  
 
For the pyrolysis oils from cakes of oil-bearing fruits, the effect of the presence of 
extractive matter is inversed compared to the CNSc pyrolysis oils. The viscosities of 
the pyrolysis oils from crude cakes are lower than the viscosities of pyrolysis oils from 
de-oiled cakes. As it was shown, vegetable oils (principally) decompose during 
pyrolysis resulting in long-chain hydrocarbons and fatty acids. Lima et al. [14] 
reported that the viscosity of cracked soybean oil is considerably lower than that of 
vegetable oil itself. Cracked vegetable oil has dynamic viscosities in the range 
reported for biodiesel. Thus, the presence of components from triglyceride 
decomposition in pyrolysis oils from crude cakes might decrease the viscosity 

































Figure V - 3: Effect of temperature on viscosity of crude and de-oiled Jc (left) and Sc 
(right) pyrolysis oil (shear rate = 50/s for non-Newtonian pyrolysis oils) 
 
Ingram et al. [15] mentioned that rheological behaviour of pyrolysis oils is extremely 
difficult to interpret because of the complex multiphase nature. As the temperature 
changes, the phase behaviour changes, and thus, in turn, influences the viscosity. 
However, the presence of decomposition products of vegetable oils in the pyrolysis 
oil of an oil cake might decrease the viscosity if compared to pyrolysis oil from a de-
oiled cake. However, it is worth repeating that at low temperatures waxy materials 
precipitates which increases the viscosity. Oasmaa et al. [16] explained that 
extractives have high melting points. Thus, at high temperatures they tend to melt 
which results in a viscosity decrease. 
 
The viscosities of crude Sc are very low at elevated temperatures. Temperature 
increase caused separation resulting in three distinct phases (Figure V - 4): a water 
phase, an IsoparV® phase, and a pyrolysis oil phase. Due to its low density, IsoparV® 
floated on the surface of the water and the pyrolysis oil phase, which resulted in very 
low viscosity measurement. 
 
 



































IsoparV®– phase (yellowish) 
 
Pyrolysis oil – phase (dark brown) 
 




3 Effect of methanol addition on the rheological behaviour 
of pyrolysis oils 
Methanol is usually used as dipolar solvent for physical stabilisation of pyrolysis oils 
[17, 18] and acts also as viscosity reducer. In order to evaluate the effect of methanol 
addition on rheological behaviour of the pyrolysis oils, tests have been carried out 
with several methanol concentrations at 25 °C. 
The rheological parameters, obtained from the rheograms (regrouped in Annexe 15), 
are summarized in Table V - 3. From the results, obtained one can observe that the 
consistency index is decreasing with increasing methanol content. For the Newtonian 
pyrolysis oils (from rubber wood and de-oiled CNSc), this means a direct viscosity 
decrease due to the dilution effect of the low-viscosity-methanol. 
For non-Newtonian pyrolysis oils from cakes the increasing methanol concentration 
resulted in an increase of the behaviour index which can be explained, especially for 
crude cakes, by the fact that methanol addition improves homogeneity and solubility 
of hydrophobic compounds (extractives and extractive decomposition products) [18]. 
The solubilising effect of methanol concerning the extractive material thus 
approaches to Newtonian behaviour. 
 
Table V - 3: Power law constants of the pyrolysis oils at different methanol 
concentrations (T = 25°C) 
Pyrolysis oil Power law 
constants 
Methanol content (wt%) 
0 2.5 5 7.5 10 15 
Rubber wood 
k 0,026 0.024 0.019 0.017 0.013 0.011 
λ 1 1 1 1 1 1 
ࣁࢇ 0.026 0.024 0.019 0.017 0.013 0.011 
Pyrolysis oil Power law constants 
Methanol content (wt%)
0 ~3.5 ~6 ~8.5 ~11 ~16.5 
De-oiled CNSc 
k 0,091 0.066 0.059 0.040 0.028 0.022 
λ 1 1 1 1 1 1 
ࣁࢇ 0.091 0.066 0.059 0.040 0.028 0.022 
Crude CNSc 
k -- 0.748 0.455 0.269 0.177 0.022 
λ -- 0.786 0.787 0.797 0.830 1 
ࣁࢇ -- 0.324 0.198 0.122 0.091 0.022 
De-oiled Jc 
k 6.036 0.617 0.253 0.188 0.275 0.234 
λ 0.303 0.926 0.995 0.977 0.806 0.67 
ࣁࢇ 0.395 0.462 0.248 0.171 0.128 0.064 
Organic phase 
of crude Jc 
k -- -- 1.909 0.311 0.21 0.07 
λ -- -- 0.654 0.915 0.80 0.93 
ࣁࢇ -- -- 0.493 0.223 0.091 0.05 
De-oiled Sc 
k 4.83 1.303 0.289 0.269 0.468 0.086 
λ 0.407 0.648 0.966 0.885 0.695 1 
ࣁࢇ 0.475 0.329 0.253 0.162 0.142 0.086 
Crude Sc* 
k 1.25 0.787 1.416 0.657 1.058 0.45 
λ 0.3 0.463 0.23 0.373 0.139 0.236 
ࣁࢇ 0.081 0.096 0.061 0.054 0.036 0.023 







Mixing pyrolysis oils with a mass concentration of 3.5% methanol generally was 
sufficient to render bi-phasic ones homogeneous. However, homogenization of 
pyrolysis oil from crude Jc with methanol was impossible due to the high viscosity of 
the organic phase. Phase separation was observed during the rheological tests 
exemplary demonstrated in Figure V - 5 for a methanol concentration of 3.5%. The 
organic phase swam on the surface of the water/methanol phase. Even at higher 
methanol concentration (15 wt%), the mixture initially appeared homogeneous but 
phase separated during the test.  
 
Figure V - 5: Test on crude Jc pyrolysis oil with 3% methanol (left: before; middle: 
after; right: cone after) 
 
Due to these experiences, it was tried to transform only the very viscous organic 
phase of the pyrolysis oil from crude Jc into a free flowing liquid by methanol addition 
(Table V - 3). At least 6.3% of methanol were necessary to obtain exploitable results 
(see Annexe 15). 
 
As for the study on the effect of temperature, viscosities were calculated for the 
pyrolysis oil/methanol blends applying Equation V - 3 and the power law constants. 
The results obtained are regrouped in Figure V - 6 for pyrolysis oils from rubber wood 
and crude and de-oiled CNSc, and in Figure V - 7 for the pyrolysis oils obtained from 
crude and de-oiled Jc and Sc respectively.  
The viscosity decreases in an exponential manner with increasing methanol content 
as already shown by Vispute [19]. Thus, phenomena are occurring which are 
exceeding simple dilution. On the one hand, agitation with methanol might result in a 
more stable ‘micro emulsion’ of the disperse phase, which would result in a higher 
viscosity and, thus, is a counter effect to dilution. On the other hand, chemical 
reaction might occur. For example, the formation of methyl esters slightly increases 
molecular weights of acids present in the pyrolysis oils. And higher molecular weight 






Figure V - 6: Effect of methanol addition on viscosity of pyrolysis oil from rubber 
wood (left) and crude and de-oiled CNSc (right) (shear rate = 50/s for 
non-Newtonian pyrolysis oils) 
 
 
Figure V - 7: Effect of methanol addition on viscosity of pyrolysis oils from crude 
(organic phase) and de-oiled Jc (a) and Sc (b) (shear rate = 50/s for 
non-Newtonian pyrolysis oils) 
 
 
4 Formulation of pyrolysis oils and emulsion stability 
evaluation 
Methanol as a stabilisation agent for pyrolysis oils is a petroleum derived chemical 
product not available in West Africa. Thus, pyrolysis oils were mixed with other bio-
fuels potentially available in West Africa with the objective to produce stable 
emulsions with locally available bio-fuels. Moreover emulsifying additive Dispersogen 
4387 was also used in order to have stable emulsions, to modify interfacial properties 
and to retard phase separation of the non-miscible liquids. 
 
 
4.1 Addition of vegetable oil, biodiesel or CNSL to rubber wood 
pyrolysis oil 
As it was shown in the previous sections, rubber wood pyrolysis oil has the lowest 


































































pyrolysis oil is a perfect stable emulsion of water and organic pyrolysis oil 
compounds. Therefore, this pyrolysis oil firstly was used for emulsification 
experiments. Namely thixotropic loop tests, in order to evaluate the rheological 
behaviour, and time sweep tests, in order to evaluate the long-term emulsion 
stability, were carried out. 
 
Jatropha vegetable oil is available in Burkina Faso and West Africa, as efforts are 
under way to use it as a direct fuel for stationary engines for electricity production 
[11, 21]. Jatropha biodiesel is potentially available as well even though it necessitates 
imported chemical products (methanol). Cashew nut shell liquid does not yet have 
economic use in West Africa and thus could be beneficial for pyrolysis oil stabilisation 
due to its high HHV. 
 
The rheological power law constants for the mixtures as well as the calculated 
apparent viscosities at a shear rate of 50/s are gathered in Table V - 5. 
Corresponding rheograms, obtained from the several tests, are regrouped in Annexe 
16. 
Firstly, mixtures containing 30, 50 and 70 wt% jatropha vegetable oil in rubber wood 
pyrolysis oils were prepared. For each mixture, the effect of 5 wt% emulsifier addition 
was compared to an equal mixture without emulsifier. 
As one can see from Table V - 4, simple Ultra-Turrax agitation for 1 min at 10.000 
rpm of rubber wood pyrolysis oil increases viscosity, due to the finer dispersion of the 
water and the organic phases resulting from agitation. Addition of surfactant 
increases viscosity by two, which shows the effectiveness of the emulsifier. However, 
rubber wood pyrolysis oil behaviour, after agitation, remained Newtonian. 
 
Mixing rubber wood pyrolysis oil with different amounts of jatropha vegetable oil does 
only result in the formation of emulsions for the 30 and 50% blend with surfactant 
addition, even though rheological power law constants and rheograms (Annexe 16) 
indicate slight shear-thinning behaviour for the other mixtures as well traducing the 
mixtures emulsification. 
Emulsification effectiveness becomes evident from the significantly higher viscosity of 
the 30 and 50% blends with surfactant. For the 30 and 50% blend without surfactant 
and for the 70% blends with and without mixtures viscosities are in the order of 
magnitude as the pyrolysis oil on its own. Thus, it becomes evident that, firstly, 
surfactant addition is necessary for emulsion creation and stability and secondly, a 
concentration of 70% vegetable oil is too high. This might imply that in the 30 and 
50% mixtures the pyrolysis oil is the continuous phase and the vegetable oil the 
dispersed phase. However, when vegetable oil is in excess, it would form the 
continuous phase; but in this case, the emulsion is not stable at all. Addition of up to 
15% surfactant did not result in an emulsion. 
The photos in Figure V - 8 show clearly the effect of the surfactant addition on the 




emulsion did not form, is shown, whereas on the right emulsification resulting in a 
micro-emulsion is evident. 
 
 
Figure V - 8: Rubber wood pyrolysis/jatropha oil 50/50 mixture with 0 (left) and 5% 
emulsifier after testing 
 
Thus, for the mixtures with biodiesel and CNSL their maximum concentration was 
fixed to 50%. From the results shown in Table V - 4 (obtained from the rheograms 
regrouped in Annexe 16) one can see that the emulsification was effective for a 
biodiesel concentration of 30% and 5% of surfactant due to the significantly higher 
viscosity compared to the other mixtures. Their viscosities range in the order of 
magnitude comparable to crude pyrolysis oil (30%BD, 0% surfactant) and biodiesel 
itself (50% BD mixtures). For the 50% BD mixtures, the power law even indicates 
Newtonian behaviour (with a very low viscosity). This can be explained by the fact 
that in unstable emulsions biodiesel was floating on the surface of the pyrolysis oil, 
traducing a lubrication phenomenon on the measuring system.  
Concerning CNSL mixtures, results might indicate that emulsification was effective 
for all the cases due to the very high viscosities. The Ultra-Turrax agitation of rubber 
wood pyrolysis oil with CNSL resulted in a different colour of the mixture compared to 
the colour of the two individual liquids. Thus, it is assumed that an emulsion was 
formed. However, after the rheological tests, the colour has changed another time, 
which might be interpreted as a sign for phase separation. However, one should 
notice that CNSL viscosity is elevated already compared to rubber wood pyrolysis oil 
and compared to vegetable oil and biodiesel. 
 
The differences obtained by the addition of the three biofuels might be explained by 
their molecular structure. Vegetable oils are three-dimensional molecules with three 
long organic chains where the surfactant might attach with its lipophilic part. In 
contrast, biodiesel is only a two-dimensional molecule with a size three times smaller 
compared to vegetable oil. Thus, the surfactant has less space to attach. CNSL is 
composed of a lipophilic chain linked to a benzene ring, which might contain 
hydroxyl-groups. Thus, CNSL has a hydrophilic part as well. This structure might be 





Table V - 4: Power law constants and viscosities of rubber wood pyrolysis oil 
emulsions (50/s) 
 Rubber wood + nothing Rubber wood + VO 
 Crude Ultra-Turrax 
agitation 
30% 50% 70% 
Additive -- 0% 5% 0% 5% 0% 5% 0% 5% 
k 0.026 0.038 0.081 0.152 0.418 0.195 10.64 0.05 0.08 
λ 1 1 1 0.883 0.946 0.599 0.546 0.985 0.973 
ࣁࢇ [Pa*s] 0.026 0.038 0.081 0.096 0.338 0.041 1.803 0.047 0.063  Rubber wood + BD Rubber wood + CNSL 
Concentration  30% 50% 30% 50% 
Additive 0% 5% 0% 5% 0% 5% 0% 5% 
k 0.138 0.362 0.009 0.017 2.584 3.693 1.593 2.168 
λ 0.879 0.934 1 1 0.652 0.605 0.901 0.87 
ࣁࢇ [Pa*s] 0.086 0.280 0.009 0.017 0.662 0.788 1.081 1.304  
In order to evaluate emulsion stability, i.e. a constant viscosity of over time, time 
sweep tests were carried out where a constant strain was imposed to the sample 
over 30 minutes. The evolution of the viscosity with time of vegetable oil mixtures is 
shown in Figure V - 9 (the 70% mixtures are excluded, as they evidently did not form 
an emulsion). From the results obtained, one can see that the emulsion of pure 
rubber wood pyrolysis oil, i.e. without additive, is almost stable (slightly increasing) 
and the viscosity is only slightly higher as for the pyrolysis oil without Ultra-Turrax 
agitation (compare Table V - 1 or Table V - 4). The emulsifier addition and agitation 
increase the initial viscosity and enforces the viscosity increase over time. 
For all the other cases, the viscosity decreases over testing time. For the 30 and 50% 
VO mixtures without emulsifier, this is due to an already described above optical 
observed phase separation. Viscosities are low because the vegetable oil is floating 
above the pyrolysis oil. 
However, the time sweep test confirms what has been found from thixotropic loop 
test. For 30 and 50% VO mixtures and 5% surfactant emulsion creation was 
effective. Viscosities are remarkable higher and the emulsion is stable over testing 





Figure V - 9: Viscosity evolution during time sweep test for different rubber wood 
pyrolysis oil/jatropha oil mixtures (1) 
 
Time sweep tests to evaluate emulsion stability were additional carried out for BD 
and CNSL mixtures. Results are shown in Figure V - 10 and Figure V - 11 
respectively. 
One can see from Figure V - 10 that for the 30 wt% biodiesel mixture without additive 
the viscosity falls during the first 500 seconds and then stabilises at a relatively low 
level. Even though phase separation might not have been complete, it was observed 
by optical control. In contrast, the 30 wt% biodiesel mixture with additive decreases 
only slightly during the first 130 second and then the value stays stable at a higher 
level (factor 8 compared to the mixture without surfactant) which might indicate the 
presence of a stable emulsion. 
The 50/50 mixtures represent stable viscosities at very low levels. Reason is the 
immediate phase separation as already discussed before. Emulsifier addition does 
not have any significant effect. 
The viscosity decrease of rubber wood/CNSL mixtures over time shown in Figure V - 
11 indicates that phase separation occurred and that emulsions are not stable as 
already hypothetically awaited due to the colour change described above. Viscosity 
levels are higher compared to mixtures with vegetable oil and biodiesel due to the 
higher viscosity of CNSL. 
 
Finally, from the results obtained, it has been shown that it is possible to form 
emulsions from rubber wood pyrolysis oil mixed with: 
- 30% vegetable oil + 5% additive (Dispersogen4387) 
- 50% vegetable oil + 5% additive  
- 30% biodiesel + 5% additive 
- 30% CNSL + 5% additive 



















However, only the mixtures with vegetable oil showed certain stability. The others 
showed quick phase separation and therefore viscosity loss over time. 
 
 
Figure V - 10: Viscosity evolution during time sweep test for different rubber 
wood pyrolysis oil/biodiesel mixtures 
 
 
Figure V - 11: Viscosity evolution during time sweep test for different rubber 
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4.2 Mixtures of pyrolysis oils from non-lignocellulosic biomasses 
with vegetable oil 
Due to the results found with rubber wood pyrolysis oil mixtures it was decided to test 
formulation of the pyrolysis oils from non-lignocellulosic biomasses with vegetable oil 
(with and without additive) only. Thixotropic loop tests as well as time sweep tests 
were carried out also to determine power law constants and viscosities of emulsions 
and to evaluate time stability respectively. 
 
 
4.2.1 Mixtures of CNSc pyrolysis oils with vegetable oil 
The results of emulsification of pyrolysis oils from de-oiled and crude CNSc are 
gathered in Table V - 5 (obtained from rheograms in Annexe 16). Ultra-Turrax 
agitation of pyrolysis oil from de-oiled CNSc resulted in a viscosity increase where 
the Newtonian behaviour is maintained when no surfactant is added, while with 
surfactant the mixture becomes slightly shear thinning. This phenomenon could be 
explained by the finely dispersed phases. For the agitated pyrolysis oil from crude 
CNSc with no surfactant, viscosity could not be determined because of the organic 
phase ejection from the measurement device during experimentation. Surfactant 
addition ameliorated measurement; apparently phase integration was successful.  
Concerning the mixtures with vegetable oil, it is evident from the high consistency 
indexes and the relatively low behaviour indexes that emulsion formation was 
effective for de-oiled CNSc pyrolysis oil.  
For pyrolysis oil from crude CNSc mixing with vegetable oil did not result in 
emulsions. Consistency indexes for both samples (with and without surfactant) are 
low while behaviour indexes were relatively high. The corresponding viscosities are 
low and in the order of magnitude as for the pyrolysis oil alone. The high viscosity of 
the organic phase probably hindered emulsification. 
 
Table V - 5: Power law constants and viscosities of CNSc pyrolysis oil/vegetable oil 
emulsions (50/s) 
 De-oiled CNSc Crude CNSc 
 crude Ultra-Turrax agitation + 30% VO crude Ultra-Turrax agitation + 30% VO 
Additive -- 0% 5% 0% 5% -- 0% 5% 0% 5% 
k 0.091 0.27 0.423 4.37 2.301 -- -- 0.604 0.326 0.309 
λ 1 1 0.974 0.508 0.642 -- -- 0.542 0.869 0.816 
ࣁࢇ 0.091 0.27 0.382 0.638 0.567 -- -- 0.101 0.195 0.150  
In order to evaluate the stability of the mixtures/emulsion, time sweep tests were 
carried out. The obtained results are shown in Figure V - 12 and Figure V - 13, for 
de-oiled and crude CNSc pyrolysis oil mixtures respectively. 
As for rubber wood pyrolysis oil without vegetable oil added, the addition of the 
emulsifier results in a viscosity increase compared for de-oiled CNSc pyrolysis oil 
(Figure V - 12). Emulsions without vegetable oil appear to be stable. 
Concerning the 30% VO mixtures the curves indicate that it is possible to form 





compared to the mixture without emulsifier is higher (factor 2). However, both of 
these emulsions are not stable over time. A strong viscosity decrease at the 
beginning can be observed traducing a phase separation. 
 
 
Figure V - 12: Viscosity evolution during time sweep tests for different extracted 
CNS cake pyrolysis oil/vegetable oil mixtures at different ratios 
and emulsifying agent concentrations 
 
 
Figure V - 13: Viscosity evolution during time sweep tests for different crude 
CNS cake pyrolysis oil/vegetable oil mixtures at different ratios 
and emulsifying agent concentrations 
 
Concerning the emulsions prepared with crude CNSc (Figure V - 13) one can 
observe that Ultra-Turrax agitation resulted in highly viscous pyrolysis oil without VO. 
However, the original bi-phasic character of the oil results in a quick phase 
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separation. The viscosity decrease over time is a sign for this. Additionally, visually 
the phase separation could be confirmed. Even emulsifier addition did not have a 
positive effect on emulsion stability. 
The curves corresponding to the mixtures with vegetable oil show very low viscosities 
from the beginning, which is a sign that emulsion formation was not effective and 
vegetable oil was floating on the surface of the pyrolysis oil. 
 
 
4.2.2 Mixtures of jatropha cake pyrolysis oil with vegetable oil 
The formulation of jatropha cake pyrolysis oil with jatropha vegetable oil is of special 
interest. If it would be possible to valorise the jatropha cake from jatropha vegetable 
oil production via flash pyrolysis and to stabilise pyrolysis oil with the vegetable oil, 
this would increase profitability of the jatropha valorisation chain. Therefore, jatropha 
cake pyrolysis oil was mixed with several percentages of vegetable oil. Table V - 6 
gathers the power law constants and the viscosities of the thixotropic tests carried 
out (corresponding rheograms in Annexe 16). 
From Table V - 6, one can see that Ultra-Turrax agitation results in an emulsion with 
a viscosity two-times higher (three-times if additive is applied) for de-oiled Jc 
pyrolysis oil compared to the pyrolysis oil without agitation. Effective integration and 
dispersion of the aqueous phase in the organic phase might be the reason for this. 
What concerns mixtures with vegetable oil it seems that emulsification was effective 
for the mixtures with 30% (with and without surfactant) and for 40% with surfactant 
which is visible from the high consistency factors and the very low behaviour indexes, 
which indicates shear thinning behaviour. Nevertheless, from the rheograms in 
Annexe 16, one can see that the stress/shear rate profiles do not resemble the 
classical form for pseudo-plastic liquids or emulsions. The slope always is relatively 
high at the beginning and then decreasing. This might be a sign for instability, which 
will be checked later. Thus, the power law constants and the viscosities in Table V - 6 
can only indicate order of magnitude for these mixtures. 
However, the mixtures of de-oiled Jc pyrolysis oil with 40% VO without surfactant and 
the mixtures with 50% VO (with and without surfactant) did not form emulsions at all. 
 
Concerning pyrolysis oil from crude Jc Ultra-Turrax agitation was hardly possible due 
to the very high viscosity of the organic phase, which did not correctly penetrate the 
rotor/stator geometry of the Ultra-Turrax. The results were not exploitable. 
For mixtures with 50 and 70 % VO emulsification was not effective as can be seen 
from the low consistency indexes and behaviour indexes close to one. Vegetable oil 







Table V - 6: Power law constants and viscosities of Jc pyrolysis oil/vegetable oil 
emulsions (50/s) 
 De-oiled Jc 
 crude Ultra-Turrax agitation + 30% VO +40% VO 50% VO 
Additive -- 0% 5% 0% 5% 0% 5% 0% 5% 
k 6.036 8.282 7.62 20.29 23.21 0.656 21.04 0.189 0.177 
λ 0.303 0.4 0.488 0.175 0.13 0.789 0.176 0.897 1 
ࣁࢇ 0.395 0.792 1.028 0.372 0.772 0.287 0.838 0.126 0.177 
 Crude Jc 
 crude Ultra-Turrax agitation + 30% VO 50% VO 70%VO 
Additive -- 0% 5% 0% 5% 5% 5% 
k -- -- -- -- -- 0.108 0.122 
λ -- -- -- -- -- 1 0.858 
ࣁࢇ -- -- -- -- -- 0.108 0.07  
In Figure V - 154 and Figure V - 165 the results of the time sweep test are presented 
for de-oiled and crude jatropha cake pyrolysis oils respectively. 
As already mentioned before, agitation of de-oiled Jc pyrolysis oil resulted in the 
formation of emulsions, which are not stable (with and without surfactant). After the 
first 500 seconds, the emulsion is destroyed and an average viscosity of a bi-phasic 
mixture is measured. The hypothesis of unstable emulsions for 30% (with and 
without surfactant) and 40% VO (with surfactant) is confirmed by the evolution of the 
viscosities. Initially starting from relatively high values immediately viscosities 
decrease and seem not to reach the final value as the slope is not stabilised at a 
constant value.  
For the cases where low viscosities are traced from the beginning, one can consider 
that emulsion formation did not take place at all (40% VO without surfactant; 50% VO 
with and without surfactant). 
 
 
Figure V - 14: Viscosity evolution during time sweep tests for different extracted 
jatropha cake pyrolysis oil/vegetable oil mixtures at different 
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In Figure V - 165 during the first 100 seconds of the time sweep test for Ultra-Turrax 
agitated pyrolysis oil from crude Jc, the phases separated and finally the organic 
phase slided on the surface of the aqueous phase while gluing to the cone. This 
resulted in the low final viscosity. 
The viscosities for the mixtures with vegetable oil are weak and decrease from the 
beginning. The vegetable oil was floating on the surface of the pyrolysis oil. 
 
 
Figure V - 15: Viscosity evolution during time sweep tests for different crude 
jatropha cake pyrolysis oil/vegetable oil mixtures at different 
ratios and emulsifying agent concentrations 
 
 
Figure V - 16: Plate (left) and cone (right) after the time sweep test of the crude 























4.2.3 Mixtures of shea cake pyrolysis oil with vegetable oil 
Pyrolysis oil from de-oiled shea cake was one of the more viscous ones (Table V - 1). 
Additionally, as presented in the previous chapter, the recovery of pyrolysis oil from 
de-oiled Sc was poor. Therefore, for the formulation test only a small amount of 
sample remained. Almost no water phase was left. Thus, formulation experiments 
can be considered as to be carried out only with the organic phase.  
This is why Ultra-Turrax agitation was hardly possible. The viscous organic phase did 
not correctly penetrate the agitator geometry. The high shear rate resulted in sample 
heating. However, Table V - 7 gathers the power law constants and the viscosity 
corresponding to rheograms in Annexe 16. The relatively high viscosities of de-oiled 
Sc pyrolysis oil samples without vegetable oil are due to an overrepresentation of the 
organic phase. Emulsion formation with vegetable oil apparently was not effective 
and phase separation took place immediately resulting in low consistency indexes 
and behaviour indexes close to one indication that vegetable oil floated on the 
surface of the pyrolysis oil. 
 
Table V - 7: Power law constants and viscosities of de-oiled Sc pyrolysis 
oil/vegetable oil emulsions (50/s) 
 De-oiled Sc 
Concentration crude Ultra-Turrax agitation + 30% VO 
Additive -- 0% 5% 0% 5% 
k 4.83 10.56 6.486 0.3 0.822 
λ 0.407 0.471 0.468 0.905 1 
ࣁࢇ 0.475 1.333 0.809 0.207 0.822  
 
Figure V - 17: Viscosity evolution during time sweep tests for different extracted 
shea cake pyrolysis oil/vegetable oil mixtures at different ratios 
and emulsifying agent concentrations 
 
The results of the time sweep test confirm hypothesizes made before. De-oiled Sc 

















instability. Mixtures with vegetable oil have low initial viscosities, which are still 




In this chapter flash pyrolysis oils from rubber wood and de-oiled and crude cashew 
nut shell, jatropha and shea cake were characterised concerning their rheological 
behaviour. Viscosity measurement over a temperature range from 25 to 80°C and 
with methanol concentrations from 0 to 16% were subject of the study. 
Rubber wood pyrolysis oil had the best qualities, as it is pseudo-homogeneous with a 
low viscosity. It shows Newtonian behaviour, i.e. the viscosity does not depend on 
the applied shear rate. 
Accurate rheological characterisation of pyrolysis oils from non-lignocellulosic 
biomass was limited due to difficult and possibly erroneous sampling, which resulted 
from their non-homogeneous, bi- phasic structure. However, if such difficulties occur 
during rheological characterisation and determination of dynamic viscosity it is 
impossible to measure the pyrolysis oil representative kinematic viscosity, as it is 
often proposed in literature. Pyrolysis oils from non-lignocellulosic biomasses mostly 
are non-Newtonian. 
 
Temperature increase resulted in viscosity decrease as it is already communicated in 
literature. Also in agreement to literature, methanol globally is a good solvent and 
viscosity reducer for pyrolysis oils. The homogenising effect of this solvent could be 
demonstrated. From a mass fraction of about 3% on the homogenisation potential of 
the solvent could be demonstrated for most of the pyrolysis oils. Nevertheless, it was 
not possible to transform pyrolysis oils with a very high viscosity of the organic phase 
(as from crude Jc) in a homogeneous liquid even at high concentrations. 
 
Emulsification of bi-phasic pyrolysis oils was chosen as a tool to obtain pseudo-
homogeneous liquids. Depending on the viscosity of the organic phase of the 
pyrolysis oils emulsification was effective only for some samples. In any case, the 
application of an emulsifying agent (surfactant) slightly increases the viscosity 
compared to the emulsified sample without emulsifier. 
 
In order to increase quality of pyrolysis oils preliminary emulsification tests with 
rubber pyrolysis oil and blended with jatropha vegetable oil, jatropha biodiesel and 
cashew nut shell liquid were carried out to evaluate whether emulsification is possible 
with these bio-fuels and to identify maximum concentrations. It could be shown that it 
is possible to emulsify vegetable oil (30 to 50%), biodiesel (30%) and CNSL (30 and 
50%) in rubber wood pyrolysis oil. Except for the pyrolysis oils/vegetable oil mixtures, 






Emulsification of vegetable oil in pyrolysis oils from non-lignocellulosic biomasses 
was limited due to the high viscosity of the organic phase of these pyrolysis oils. The 
only effective emulsions formed are 30% of vegetable oil in pyrolysis oil from 
extracted CNS cake and extracted jatropha cake, however, these were not stable, 
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The direct use of solid biomass for energetic applications is a cheap method to 
replace fossil fuels especially for poor countries in the sub-Saharan zone, which have 
no access to fossil resources on their own territory. In rural as well as in urban West 
African societies, biomass is the main energy resource for cooking and heating. 
However, increasing and ineffective use of fuel wood contributes largely to 
environmental problems such as deforestation, desertification, and soil degradation. 
Therefore, the use of unexploited by-products especially from agro- and alimentation 
industry is a useful alternative to reduce stress on natural vegetation. Cashew nut 
shells (and cashew nut shell cake), jatropha and shea cake have been identified to 
be available and easily to mobilise residues from cashew nut, jatropha oil and shea 
butter production. 
These residues are not suitable for combustion in an open fire as fuel wood 
substitute as shown in anterior studies. The presence of (residual) extractible 
materials (cashew nut shell liquid and vegetable oil containing alkylphenols and 
triglycerides respectively) results in the formation of a lot of smoke which are toxic 
due to the different thermo-chemical behaviour of the organic natural liquids 
compared to solid macromolecules present in traditionally used fuel wood.  
Flash pyrolysis with the objective to pre-condition solid biomass into liquid fuels has 
been identified as an alternative thermo-chemical conversion process. It has been 
expected that the presence of extractible material might be beneficial for the 
production of liquid fuels from biomass. 
This experimental and fundamental work focused on investigating the influence of 
extractives on the thermo-chemical decomposition behaviour and on pyrolysis 
products composition of cashew nut shell (cake), jatropha and shea cake. 
Bibliographic research pointed out that composition analyses of biomasses especially 
for non-lignocellulosic ones; (for example press cakes of oil-bearing fruits containing 
vegetable oil residues, proteins, starch) is rather complicated and requires a set of 
complex and expensive equipment. Nevertheless, such an initial analyses is 
necessary when dealing with thermo-chemical conversion processes. The 
characterisation of the biomass and the knowledge of its composition are crucial for 
the interpretation of experimental results. 
Flash pyrolysis of extractive rich biomasses with the aim to produce pyrolysis oils has 
been subject of several studies. Nevertheless, different reactor configurations and 
operating parameters result in char, liquid and gas yields ranging over wide spans in 
the different studies which render comparison difficult. Pyrolysis oils, which are 
ideally pseudo-homogeneous emulsions, can be used in different applications 
(chemical or energetic). In energetic applications, main problem is the poor long-term 
stability, which results in chemical modification (polymerisation) and different physical 
characteristics (viscosity increase, phase separation). In particular, pyrolysis oils from 
extractive rich biomasses often result in several phases as produced. 
The originality of this thesis lies in the approach of analysing and pyrolysing 
biomasses derived into samples with different extractive contents from 0wt% (de-
oiled cakes) to 100% (pure extractives). 




Characteristics commonly determined for biomasses (ultimate and proximate 
analysis, higher heating value) are proportionally dependent on the extractive content 
due to the appropriate characteristics of the extractives. However, the initially 
expected high content of volatile matter could not have been confirmed due to the 
low content in volatile matter of the solid matrix.  
Thermogravimetric analyses (low heating rate) revealed that decomposition 
temperatures are different for cashew nut shell liquid (CNSL) and vegetable oils. 
CNSL mainly decomposes at temperatures in the range from 250 to 320°C; residual 
intermediates are decomposed at about 480°C. Vegetable oils are more stable at low 
temperatures but volatilise in a very narrow temperature range close to 400°C. 
Thermogravimetry led to the assumption that interaction between the solid matrix of 
and the extractives could not occur to significant extent. Individual peaks of the 
compounds only do overlap which results in slight shifts of the respective 
decomposition peaks. 
Two complementary devices, a lab scale fixed bed tubular reactor and a pilot scale 
fluidised bed reactor enabled to investigate the influence of extractives on the 
pyrolytic decomposition, pyrolysis products (pyrolysis oils in particular) and reactor 
performance of biomasses with different extractive content (0-100% for the tubular 
oven and 0-15% for the fluidised bed). In agreement with analyses results, the yields 
of gaseous, liquid and solid pyrolysis products depend proportionally on the 
extractive content of the initial biomass sample. The extractives (and other biomass 
compounds) had significant influence on oil composition. Consequently, the yields of 
quantifiable compounds (gas chromatography) diminished with increasing extractive 
content. However, by applying a semi-quantitative method it could have been shown 
that CNSL only decomposes to about 50% during rapid pyrolysis. Half of the initially 
introduced sample could have been recovered as such. Interactions of CNSL with the 
solid matrix of cashew nut shells have not been identified. In contrast, it was shown 
that vegetable oils are entirely decomposed during rapid pyrolysis; no triglycerides 
could have been found in pyrolysis oils from vegetable oils or oil-bearing fruit 
samples. Interactions between the triglycerides and the solid matrix, i.e. the nitrogen 
containing proteins, occur which is proven by the presence of several nitrogenous 
long chain hydrocarbons.  
To the best of the author’s knowledge, it was the first time that flash pyrolysis 
experiments in a pilot scale fluidised bed reactor were carried out with residues from 
cashew nut and shea butter production. However, flash pyrolysis of crude and de-
oiled cashew nut shell, jatropha and shea cake was predominantly characterised by 
operational problems linked to the physical properties of these biomasses. Newly 
defined reference conditions allowed running experiments over several hours. 
Nevertheless, they did not completely resolve the problem of char accumulation in 
the reactor due to the high density of the biomasses and char agglomeration, which 
was evidently favoured by the presence of the extractives. However, it was possible 
to produce flash pyrolysis oils in sufficient quantities for subsequent characterisation. 
The flash pyrolysis oils from crude and de-oiled cashew nut shell cake were mono-
phasic as produced but experienced phase separation over time. In agreement with 
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literature, pyrolysis oils from crude and de-oiled jatropha cake were bi-phasic as 
produced. The pyrolysis oil from de-oiled shea cake also phase separated over time. 
For all biomasses the quenching liquid (= iso-parrafin, IsoparV®) was charged to a 
high extent with pyrolysis oil compounds after experimentation. This resulted in 
difficulties in interphase identification during pyrolysis oil recovery.  
Obtained pyrolysis oils were characterised concerning their rheological behaviour. 
Accurate rheological characterisation was limited due to the non-homogeneous, bi-
phasic character of the pyrolysis oils. However, pyrolysis oils of non-lignocellulosic 
biomasses show non-Newtonian behaviour. In agreement with literature, temperature 
increase resulted in global viscosity decrease. Methanol addition acts as a good 
solvent and homogenising agent for bi-phasic pyrolysis oils.  
Temporal and thermal instability of pyrolysis oils are commonly known. As methanol 
is a product mostly derived from fossil fuels, it is not readily available in West Africa, 
which leads to the necessity to stabilise pyrolysis oils with other effective additives. 
Jatropha oil, jatropha biodiesel, and cashew nut shell liquid were used as such to 
form emulsions with pyrolysis oils. However, despite numerous attempts it was not 
possible to obtain stable emulsions. 
 
Flash pyrolysis of extractive rich biomasses in the West African context reveals 
numerous starting points for further fundamental research work: 
 Concerning the macromolecular composition of non-lignocellulosic biomasses 
further research works have to be carried out for determining biomass 
constituents. Accurate knowledge of biomass composition would render 
interpretations of experimentation results from thermogravimetry and different 
pyrolysis applications more relevant. 
 Concerning thermogravimetric analysis which is often used to determine 
decomposition kinetics of biomasses it would be interesting not only to base the 
models on hemicelluloses, celluloses and lignin but to add further biomass 
constituents such as CNSL (for the case of cashew nut shell and cashew nut shell 
cake) or proteins and vegetable oil (for oil-bearing fruits). 
 For the pyrolysis of extractive rich biomasses a process is needed which limits or 
even avoids char accumulation and formation of biomass/char/heat carrier 
compaction which increases the risk of reactor plugging. Fluidised bed reactors 
are technically mature and are widely applied in industry for combustion and 
gasification. However, from this study one can deduce that fluidised beds are not 
very appropriate for biomasses with high extractive contents. Entrained fluidised 
beds might overcome the drawback of char accumulation and agglomeration 
where the char particles are not in permanent contact with each other nor with the 
heat carrier (sand). Nevertheless, this reactor configuration requires high gas flow 
rates resulting in high dilution rates of condensable vapours and pyrolysis gasses. 
Free fall reactors might be another option interesting to investigate, as they are not 
characterised by this draw back. Heat transfer principally is achieved by radiation 
in this kind of reactors. For lignocellulosic biomasses with bright surface, this might 
be a limiting factor. For press cakes from cashew nut shells and jatropha and shea 




nuts this concern probably is not of major importance as the surface colours are 
dark. Ablative pyrolysis in a rotating plate reactor might be possible too. A 
disadvantage in the application of this reactor type is the friable nature of the press 
cakes. Maybe, preliminary briquetting is possible. This would be a supplementary 
biomass step, which is not in the sense of easy biomass conversion. However, 
maybe due to the presence of the extractives no additional binders are necessary. 
 An advantage of the separation of pyrolysis oils into a watery and an oily phase 
might be found when co-refining of pyrolysis oils with the heavy fraction of fossil 
fuels is a pyrolysis oil valorisation option. The oily phase does only contain small 
water content and the decomposition products of extractives are chemically closer 
to heavy oil than the whole pyrolysis oil. However, this possibility is more of 
theoretical importance so far, as most West African countries do not have own 
fossil resources nor fossil oil refining equipment or infrastructure. 
 
In any case, the pyrolysis vapour condensation from extractive rich biomasses with 
IsoparV® seems unreliable. Extractives and extractive derived decomposition 
products seem to increase solubility of IsoparV® and pyrolysis oil, which diminishes 
IsoparV® recycling and reuse potential and enriches the pyrolysis oil in IsoparV®. The 
possibility to quench pyrolysis oils with chilled pyrolysis oil from a former run is an 
option, which would augment the pyrolysis yield and diminish the losses. However, 
the bi-phasic character with a very viscous oily upper phase of the pyrolysis oils from 
extractive rich biomasses might render this option impossible. The phase separation 
of pyrolysis oils from extractive rich biomasses (as produced or after time) can be 
attributed to a certain extent to the presence of extractive derived pyrolysis oil 
compounds. Maybe quenching the pyrolysis vapours with gasoline or diesel is 
imaginable to eliminate main hydrophobic compounds. The different densities of 
pyrolysis oils and gasoline/Diesel assure phase separation. Additionally, the possible 
extraction potential of gasoline and diesel for long chain extractive derived 
compounds would lead, on the one hand, to gasoline/Diesel enriched by with 
extractive derived compounds (fatty acids, alkenes, etc.) and, on the other hand, the 
concentration of compounds, which are responsible for phase separation in pyrolysis 
oil, is reduced. 
Electrostatic precipitation seems to be effective, but might be disadvantageous when 
the extractive derived decomposition products build up a precipitate, which is not 
flowing freely (as has been shown for crude shea cake pyrolysis). This effect could 
also occur for other press cakes from oil-bearing fruits if the external temperature is 
as low as the solidification temperature of decomposition products from vegetable 
oils. Therefore, the applicability of electrostatic precipitation has to be evaluated in 
function of the temperature of the reactor placement. 
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Annexe 1: Crops of Burkina Faso and West Africa 
West African agriculture is characterised by the cultivation of certain tropical crops. 
This Annexe gathers some general information on the most important ones and 
discusses whether they generate by-products available for energetic application. 
Table A - 1 mentions the main agricultural products and their produced quantity in 
Burkina Faso. Potential by-product quantities are calculated by applying a residue-to-
product ratio (RPR) [1, 2] which is given in the fourth column in Table A - 1. As its 
dimension is kg by-product per kg main product, it indicates the total amount of 
residue available for each kg of crop generated [3]. The agricultural residue quantity 
is calculated by multiplying the production of the noble fraction of the plant with the 
RPR [4]. The RPR value is crop specific and can vary depending on several factors 
as water, nutrient supply and the use of chemical growth regulators [1], fertilisers, 
agricultural practices and the climatic zone of cultivation and underlies a varying 
degree of uncertainty [5]. 
The calculated values for by-product quantities (column five in Table A - 1) are only 
first approach indicators for the order of magnitude of residue quantities. The removal 
rate indicating how much of the produced by-products can be removed from the 
fields is not taken into account. The removal rate is influenced by several factors as 
equipment limitations, plant variety, harvest height, and environmental constraints. 
Sustainable removal rates differ depending on the species of the plant and can lie 
between 35 and 75 % [5]. 
In reality, not all residues removed from the field are available for bio-energy 
production. Reasons are scattered abundance, technical limitations and also 
competing uses (fodder, fertiliser, domestic uses) [1, 5]. For some of the cultures, 
mostly cereals, the ‘General direction of prevision and agricultural statistics’ 
(Directions Générales des Prévisions et de Statistiques Agricoles, DGPSA [6]) of the 
burkinabé ministry of agriculture delivered the RPR coefficients and the used fraction 
indicating to which extent by-products are used as animal fodder in livestock 
breeding (column seven in Table A - 1).  
The last column in Table A - 1 indicates the unused potential of each residue by 
assuming no additional uses to animal fodder.  
 
From Table A - 1 one can see that Burkina Faso’s agriculture produces a lot of 
different products with several thousands of tons of unexploited residues. In the 







Table A - 1: Overview of main agricultural products and their estimated by-product quantities in Burkina Faso, 2009 (*... no data) 
















Sorghum 1.521.470 [7] straw 3 [6] 4.564.410 fodder 46.9 [6] 2.140.708 
Millet 970.927 [7] straw 6 [6] 5.825.561 fodder 48.4 [6] 3.005.990 
Maize 894.558 [7] stalk 2.2 [6] 1.968.028 fodder 12.8 [6] 1.716.120 












Sesame 56.252 [7] straw * * Fodder, fuel, potash 
production manure [57]
* * 




























































































Cow pea 453.629 [9] herb (dried) 3.5 [6] 158.7701 fodder 48.9 [6] 811.315 
Bambara beans 44.712 [9] herb 2.6 [6] 116.251 fodder 40.0 [6] 69.751 























Batata 81.499 [9] herbs 2.5 [9] 20.3748 fodder 40.0 [6] 122.249 
Yam 80.868 [7] green leaves 2.2 [9] 177.910 fodder 40.0 [6] 106.746 







Cotton 483.865 [9] stalk 1.77 – 5.00 [8, 16] 856.441-2.419.325 fuel * * 
Sugar cane 455.000 [7] bagasse 0.3 [16] 136.500 Fuel, fodder * * 
















1.1 Availability of residues from cultivation cereals 
Cereals serve as base aliment in most sub-Saharan African countries and are 
produced in high quantities [19]. In Burkina Faso, cereals are the main culture (88% 
of cultivated area [20]) and represent more than 50% of the agricultural value 
production [21]. The cultivation and harvest of sorghum, millet, maize, rice, sesame, 
and fonio result in hundreds of thousands of tons of by-products (Table A - 1). The 
availability of this biomass is strongly dependent on the conditions of collection, 
transport and the seasonality of the crops (high availability in April-May). Residues 
from cereals are widely used in tropical Africa for several purposes: 
- Straw is left in the fields to enrich soil with organic matter, to protect against 
erosion and sunshine; prior to the next culture the residues are burnt, ash 
participates to soil mineralisation [10, 22] 
- Straw and stalks are used for construction of huts, palisades/walls [10, 23] 
- Straw is widely used in animal breeding and as source of natural colouring 
matters for food and textiles [6, 19] 
- Sometimes straw is burnt to provide heat for cooking or ash for potash 
making or to produce smoke to hold off mosquitoes and herds [10, 19] 
These applications of cereal by-products in the everyday life of West African 
population, the scattered small fields, and their difficult mobilization hinder using 
them in (semi-)industrial energy applications. An application of residues would 
require costly transportation systems; therefore, residues from cereals do not play a 
role in the following. 
 
 
1.2 Availability of residues from cultivation oil-fruits 
Cotton oil is one of the most used alimentation products in the world, especially in 
tropical regions. Concerning Africa, it is a principal source of lipids for the population. 
Burkina Faso is the main producer in Africa followed by Nigeria, Egypt and Mali [24]. 
Cotton oil is used in food, as frying oil, and traditional bakery. By-products of the 
cotton oil production are used in the fabrication of soaps (soap stock) and for feeding 
animals. The press cake of cotton seed grains has a capital importance in areas 
where the conflict between pastoralists and farmers is rising because of a lack of 
pasture [24]. Further by-products in cotton oil production are the husks of the grains. 
In 2002, the “oil mill society of Benin (Société des Huileries de Bénin)” produced 
about 19.000 tons of these husks. Only about 23% of which were used in the 
facilities boiler. The rest was burnt outside the oil mill without any industrial energetic 
use. However, cotton grain husks are excellent fuels as such (16.3 MJ/kg) and are 
used by rural population to replace fuel wood [25]. The society SN Citech, a 
vegetable oil factory in Burkina Faso, is using all parts of the cotton grains [26]. 
The peanut is the sixth important culture under the oleaginous plants all over the 
world. Senegal, Sudan, and Nigeria are major African producers. The grains serve 
mainly as a primary resource for the extraction of oils used in cooking and for the 





largely as animal fodder. The husk representing 20 to 32 wt% of the pods is the main 
residue obtained after decortications. They are mainly used within the oil mills as fuel 
in boilers and in industrial fabrication of domestic fuels. They are also used as 
compost, as litter in poultry and for fish smoking [10]. As generally the trades of 
ground nuts with husks have the consumption by mouth as destination, these husks 
are not available for energetic applications. The percentage of the in-shell market is 
difficult to number. 
Peanut oil is used for cooking because of its high thermal stability. The press cake of 
the peanut grains is rich in proteins (55-60 %) and is used as complementation food 
or as a food during the weaning period. It is also used to prepare bread and other 
foods [24]. 
The main product of the shea tree is the butter, which plays an important economic 
role in several regions. The shea tree is unique to sub-Saharan Africa, where it grows 
spontaneously [24] across the semi-arid Sahel region from Senegal to Uganda 
(Figure A - 1). Burkina Faso is one of the 18 countries in the world having shea [20]. 
Shea butter has probably been used for thousands of years in food, skin balms, 
soaps and shampoos, traditional medicines and cooking and lamp oils. The use of 
shea butter has been increasing steadily in recent years, as consumers are 
demanding better quality, natural, minimally processed ingredients in personal care 
items and food. Shea has long been recognized for its emollient and healing 
properties, ideal for soothing skin in the dry climate of the region. Reports of its use 
go back as far as the 14th century [27]. 
 
 
Figure A - 1: Shea distribution in sub-Saharan Africa [11] 
 
Locally, shea butter is applied in medicine in particular for ointments or as a cosmetic 
product. It is used as frying oil and beauty cream in the countryside. In cities, it is 
used in pharmacy, cosmetics and confectionery, as a substitute for cocoa butter 
because of its high melting point [24]. Since June 2000 the European Union has 
authorised the application of shea butter as a substitute of cacao butter in chocolate 
production (maximum 5 % of the vegetable fats within the chocolate) [28]. In most 
cases, the production of shea butter stays a manual process. The enterprise 
BURKARINA Sarl situated in Bobo Dioulasso, Burkina Faso, produces shea butter 
with the only purpose of exportation. It produces around 1.800 tons of press cake 





[30] due to low protein content. Additionally, the digestive track of animals is irritated 
by phenolics, tannins, and saponins [31-33], BURKARINA officials claim relatively 
high portions of cellulose and lignin which hinders shea cake to be used as fodder. 
BURKARINA presscake is used in small quantity in the facilities boilers, the rest is 
burnt off side without any energetic application [28, 29]. 
 
Jatropha is recently cultivated for vegetable oil production. Jatropha fruit shells and 
seed husks can be used as fuel for direct combustion or gasification. Biogas is 
another option for shells valorisation. Especially on poor soils, it could be 
advantageous if shells and husks are left around the jatropha trees (or other 
plantations) as mulch to increase soil fertility [12]. Although the actual oil is stored 
mainly in the seed kernel, the seeds are most often pressed with their husks. After 
extraction, about 50 % of the original seed weight remains as seed cake residue. 
This cake is rich in protein and carbohydrates [12]. Jatropha press cake is toxic due 
to the presence of phorbol esters and curcin (a highly toxic protein [34]) and contains 
a high level of fibre intense shells [35-37]. Due to its toxicity, information concerning 
possible applications of the press cake differs. It may be used as fertilizer [38, 39], 
but it has been reported that it has a not negligible negative influence on the micro 
biologic fauna in the soil [40]. Jatropha press cake as substrate for biogas production 
is documented [37, 41] but as biogas production needs high amounts of water which 
is rare in the Sahel region this opportunity must be regarded with care. Detoxification 
is possible [42] but makes so far unavailable equipment necessary. 
 
Cashew nut tree, native to central and South America, is now widely distributed in 
many parts of Africa. It is cultivated mainly for its edible nut but also for the cashew 
apple. In Burkina Faso, the production of cashew nuts is still in development. 13.2 
million cashew trees grow in Burkina Faso [43]. Because of missing infrastructure, 
know-how and equipment large quantities of raw cashew nuts are exported and de-
shelled abroad (India). Only 13% of the burkinabé cashew production was 
transformed locally in 2008/09 [20].  
The economical most important product of the cashew tree is the cashew nut both for 
its high nutritional value as nut but also for its vegetable oil [15]. The nut is 
encountered by a shell making 50-55% [15] to 70-75% of the nut in shell [14]. The 
cashew nut shell has a soft honeycomb structure inside [44] which contains a natural 
dark brown organic liquid which is called cashew nut shell liquid (CNSL). After 
extraction from shells, CNSL can be used in green chemistry for the production of 
polymers and as resin substitute [44-46]. Although the price for CNSL has risen over 
the last years [47] it is not high enough to encourage producers of cashew nuts in 
West Africa to invest in equipment for extraction and refining of CNSL; therefore the 
CNS are usually dumped. Direct combustion is strongly limited due the release of 







1.3 Availability of residues from cultivation of beans 
The cowpea is a basic nutrient in the Sahel region. It has deep roots that help 
stabilizing the soil as well as dense foliage that shades and covers the surface and 
preserves moisture. Like most other legumes, cowpea fixes atmospheric nitrogen, 
thus increasing the nitrogen content in the soil [49]. The leaves are valorised in 
different ways. For example, they are fodder and eaten like vegetables. Their price is 
nearly as high as the price for the beans itself [50]. 
Soybeans are cultivated to obtain their oil, which is an important vegetable oil for 
cooking all over the world. The production in Burkina Faso and West Africa is not yet 
very intensive but in development. As the straw of cow peas, the straw of this annual 
plant probably is largely used for livestock breeding. Pods might be used as fuel. The 
press cake is a very protein rich fodder for livestock.  
 
 
1.4 Availability of residues from cultivation of tubers 
The leaves, stems and stalks of tubers (batata, yam, cassava) are used to a large 
extent in livestock breeding [6]. The stalks of cassava are partially retained for 
replanting. Leaves and parts of the stalks are sometimes left in the field and 
sometimes used as domestic fuel [16]. In Ghana, the cassava stalks have already 
been identified as a possible resource for bioethanol production [51] but, as in 
Burkina Faso the production is little, there it is principally given to pigs [17]. 
 
 
1.5 Availability of residues from cotton fibre 
Burkina Faso is Africa’s main cotton fibre producer. Cotton is the most important 
exportation product (71% of the total exportation value in 2007) and first source of 
devise income [20]. The cotton fibres are used to manufacture clothes (traditional 
and industrial). The cotton stems are representing the residue staying on the field 
after harvest of cotton fibres. There is no general application of these wastes and the 
farmers have the habit to burn them in order to destroy parasites [10, 26]. The 
availability of this biomass is however highly dependent on collecting conditions and 
transport aspects as well as on the seasonality of the culture (high availability in 
April-May) [10]. In Burkina Faso, the society SN Citec in Bobo Dioulasso bought 
5.000 tons (400.000 tons grown) from the farmers in 2010 [26] to use them as fuel in 
their boilers.  
 
 
1.6 Availability of residues from cultivation and processing of 
sugar cane 
Main residues of sugar production from sugar cane are bagasse and sugar cane 
tops and leaves. Bagasse generally is used as solid fuel for steam generation in 
sugar factories, but it can also be used in paper and board industry. The leaves are 





1.7 Availability of residues from cultivation and processing of 
mango 
The mango tree is one of the most cultivated fruit trees in Burkina Faso. The mango 
is the most important fruit in volume and cultivated area (about five and a half million 
trees on 6.800 hectares) [18, 20]. 20 to 40 varieties exist. With an average of 7 to 8 
t/ha, national production is 47.600 to 54.400 tons. A mango has three main parts: the 
skin; the pulp and the core. The skin is the outer covering of the fruit. It is quite thin, 
usually less than 1 mm. The pulp is the edible part of the fruit. The core comprises a 
cavity into which fits the almond. The mango production is ensured by a multitude of 
small farmers. It is seasonal and so abundant in certain periods that thousands of 
tonnes are rotting at the feet of trees. These losses could reach 50% of production. 
Since the early 1980s, first drying units were installed. These companies provide the 
conversion of a portion of the surplus production, contribute to the reduction of losses 
and provide income through exports [18].  
The production of dried mango slices has the skin, the kernel and deteriorated 
mangos as by-products. This mixture is very juicy due to the high water content. In 
artisanal production quantities, the residues are used as fodder for pigs. At larger 
scale, biogas production might be a feasible option. 
 
 
1.8 Conclusion and biomass choice 
In this Annexe, it could have been shown that high quantities of residues in 
agriculture and agro-industry are produced. Only some of them are potentially 
available and easily to mobilise. The residues from cereal cultivations are widely 
used and not easy to mobilise which hinders an additional energetic valorisation. 
Vegetable oil generally is obtained by mechanical pressing of oil-bearing fruits. The 
by-product of this process is called press cake, which contains the solids of the initial 
fruit as well as residual vegetable oil. Different oil seeds (groundnut, cotton, shea, 
jatropha and cashew) are cultivated and exploited in West Africa and Burkina Faso. It 
has been pointed out that by-products of groundnut and cotton are widely used for 
different applications. Thus, these can be neglected for energetic applications in 
other (semi-) industrial applications. In contrast, the residues from shea, jatropha, 
and cashew, namely shea and jatropha press cakes and cashew nut shells 
respectively seem to be interesting as they are unexploited and easily to mobilise. 
The cultivation of beans and tubers also results in high amounts of residues, which 
are used as fodder for animals largely, occurrence is scattered and mobilisation is 
assumed difficult. Residues from beans and tubers are considered not to be available 
for energetic valorisation in (semi-) industrial scale.  
Availability and mobilisation potential of residues from cotton fibre production, sugar 






Annexe 2: Biomass availability in West Africa 
The availability of data concerning the quantities of agro-industrial by-products of the 
identified biomasses is limited. This Annexe aims on the estimation of potentially 
available by-products quantities of cashew nut shells, jatropha and shea cake as well 
as rubber wood in Burkina Faso and its neighbouring countries Mali, Niger, Ghana, 
Benin, Togo, and Ivory Coast. Therefore, theoretical residue potentials are defined 
and equations presented. 
 
 
2.1 Availability estimation of cashew nuts shells 
The annual cashew nut harvest (with shell) for 5 West African countries is shown in 
Table A - 2. Data mainly were obtained from the online data base of the FAO [13]. 
Data from other sources are in the same order of magnitude as the FAO statistics. 
For Benin an undated study (probably 2009) [20] documented an annually production 
of 45.000 t. Only for Burkina Faso the values are contradictory. The African Cashew 
Initiative reports 25.000 t in 2006 [52], other sources give 15.000 [53] or 26.000 [54].  
Apart from climate causing differences in between years, one can observe that 
cashew nut production is steadily increasing overall West Africa. In 2011, the 
production of the whole African continent was about 750.000t [55]. To take into 
account this increasing trend an average of the last three years 2009/2010/2011 was 
calculated which serves as basis for the waste potential estimate. 
The German International Cooperation (GIZ) cashew nut advisor, Philippe Constant, 
estimated that, in Ivory Coast, the processing yield of cashew nuts is between 20-
22%, the outer shell waste represents 70-75% of the nuts weight [56]. This is in 
equivalence to Mohod et al. who reported that the shelling operation generates waste 
which is about 70 % of the original raw nut weight [57]. On Mister Shatki Pals 
(Regional Cashew Processing Expert), working for “TechnoServe – Business 
solutions to poverty” in Ghana, opinion the shell residue of the nuts is about 70% all 
over Africa [58]. Thus, 0.7 was used as residue-to product ratio (RPR) to determine 
the theoretical waste potential (WPt, Table A - 2) of CNS if it is assumed that all 
cashew nuts were processed in their country of origin: 
ࢃࡼ࢚ሺ࡯ࢇ࢙ࢎࢋ࢝ሻ ൌ ࡯ࢇ࢙ࢎࢋ࢝	ࡺ࢛࢚	࢖࢘࢕ࢊ࢛ࢉ࢚࢏࢕࢔ ∗ ૙. ૠ   Equation A - 1 
 
In reality, large quantities of West African cashew nuts are exported in raw state to 
be shelled abroad. Semi-industrial and industrial cashew nut transformation facilities 
are becoming more and more in West Africa, nevertheless the overall transformation 
capacities are still low compared to the annual cashew production. 
In the following, semi-industrial and industrial cashew nut transformation facilities are 
listed with their capacities and their actual performance (Table A - 3). This list does 
not claim completeness, but should give the order of magnitude of the residues 







Table A - 2: Cashew nut harvest in West Africa in [t] 
Year Benin Ref. 
Burkina 
Faso Ref. Ghana Ref. 
Ivory 
Coast Ref. Mali Ref. Togo Ref. 
2005 52.500  [13] 5.492  [13] 29.000  [13] 185.000  [13] 4.404  [13] 616  [13]
2006 55.000  [13] 6.141  [13] 34.000  [13] 235.000  [13] 4.924  [13] 700  [13]
2007 60.000  [13] 3.600  [13] 40.511  [13] 280.000  [13] 5.867  [13] 650  [13]
2008 86.000  [13] 3.969  [13] 22.000  [13] 330.000  [13] 3.600  [13] 700  [13]
26.454 [59] 335.000 [60]
2009 117.000  [13] 4.544  [13] 27.000  [13] 350.000  [13] 2.873  [13] 750  [13]
100.000 [61] 
2010 69.700  [13] 4.933  [13] 30.000  [13] 380.000  [13] 2.900  [13] 814  [13]
70.000 [61] 27.000 [61]
2011 70.000  [13] 5.876  [13] 35.736  [13] 452.656  [13] 3.600  [13] 970  [13]
Min 52.500 3.600 22.000  185.000 2.873 616
Max 117.000 6.141 40.511  452.656 5.867 970
Ø 09/10/12 85.000 5.100 30.000  394.000 3.100 840
WPt 59.700 3.600 21.000  276.000 2.200 600
 
West African countries process only a small part of the harvested cashew nuts locally 
as can be seen by comparing harvest and processing numbers [20, 60, 61].  
For Benin, it is estimated that only 5% of the national cashew production is 
transformed locally, 2% of which are processed artisanal, 3% in semi-industrial and 
industrial facilities [53]. The capacity of semi-industrial facilities is inferior to 150 t/yr; 
output is sold on local and regional markets. The company AFONKANTAN Benin 
Cashew (ABC) is the only industrial processing unit in Benin, its processing capacity 
is 1.500 t of raw nuts per year. The country currently processes 1.800 t/yr [62]. 
In 2009, semi-industrial and industrial cashew transformation in Burkina Faso is 
essentially carried out by 6 facilities. SOTRIAB was the biggest with a capacity of 
1.000t/yr. Meanwhile ANATRANS is functional with a capacity of 3.500t/yr [52]. 
The only medium size processing company in Ghana is MIM Cashew Factory with a 
capacity of 1.000t/yr. The other processing units are small-scale processing units 
with capacities inferior to 250t/yr. In December 2010, the African Cashew Alliance 
(ACA) reported that the capacity of processing of raw cashew nuts in Ghana was 
3.112t/yr. Also ACA announces that three new processing plants are in construction 
with processing capacities ranging between 1.000 t to 10.000 t in Ghana [61]. 
In Ivory Coast, cashew-processing industry is still young. The first operating facilities 
started in 1999/2000 [60]. Sita is the oldest one starting operation in 1998. Apart from 
OLAM Ivoire, a second facility was in construction in 2010 with a capacity of 5.000t/yr 
[60]. 
Cashew production in Mali and Togo is less than 5.000 t/yr [53]. Industrial processing 
























Afonkantan Benin Cashew  1.500 >1.000  [62]








ANATRANS  3.500 1.000  [54]
COOPAKE  200 50  [52]
ECLA  500 220  [54]
SOTRIAB  2.500 1.000  [52]
UNION YANTA  400 200  [52]
UTAB  600 400  [52]
UTAK  900 7.2  [54]













Kona AgroProcessing  250 58,5  [59]
CashNutFoodsLtd  250 5,5  [59]
Crig  120 18  [59]
Nasaka  100 35,4  [59]
Nasaka  100 21,5  [59]
Dudasu  90 12,9  [59]
Latemu  72 15  [59]
Shop best Ltd  25 11,4  [59]
Jelana Company Ltd  20 1,56  [59]
Nsuro Farms  10 1,8  [59]

























COSAMA  5.000 No information  [60]
CAJOU FASSOY  1.500 No information  [60]
GOOGES  540 No information  [60]
COPABO  400 No information  [60]






















2.2 Availability estimation of shea nut press cake 
Confectionary industry currently demands 90% of shea butter affording chocolate 
manufacturers an alternative to cocoa butter. Shea also has a high demand in natural 
cosmetics sectors, which could serve as an important source of diversification of 
demand [27]. The shea market is highly artisanal and fragmented [27]. 
In 2005, the world production was about 700.000 t [11]. Shea nut production potential 
might surpass 1 million tons per year if all nut-producing countries were fully 
participating in the market. Although actual production is far from this, it is steadily 
increasing. Shea buyers seek product from main shea nut producers as Nigeria, Mali 
and Burkina Faso [27]. As it has only a small part of the shea belt (Figure A - 1) Niger 
is a small shea producer. 15.000 t produced were documented in 2007 which were 
only used in artisanal scales [66]. 
To estimate the theoretically achievable waste potentials in form of shea cake the 
overall shea production in the West African countries from 2005 to 2011 is regarded. 
As for cashew, data were principally obtained from the FAO homepage. If all of the 
shea nuts produced and harvested were processed locally to shea butter by 
mechanical extraction the theoretical shea cake potential could be calculated.  
The shea nut consists of about 60% shell [11], which must be subtracted from the 
shea nut quantity produced. The shea kernels contain about 50% shea butter in 
mass. Burkarina, an industrial shea nut processor in Burkina Faso, transforms 10 
tons of kernels into 3,7 tons of butter (represent 37% of kernels mass); approximately 
5 tons of cake (50% of kernels mass), 1,3 t are lost (probably evaporated water) [67]. 
This results in the following equation to estimate the theoretical shea cake potential. 





The results of this calculation are resumed in (Table A - 4). In equivalence to cashew, 
large quantities of shea nuts are not processed locally. The total potential nut 
production of Burkina Faso, Mali, Ghana, Nigeria, Côte d’Ivoire, Benin, Togo, and 
Guinea was estimated to be about 600.000 tons in 2008 and 350.000 tons were 
exported. The remainder is probably consumed locally. Exports of shea nuts have 
increased recently, from 50.000 tons in 1994 to 150.000 in 2004 and finally to 
350.000 in 2008 [27].  
 
Table A - 4: Shea nut harvest in West Africa in [t] 
Year  Benin  Ref. 
Burkina 
Faso  Ref.  Ghana  Ref. 
Ivory 
Coast  Ref.  Mali  Ref.  Togo  Ref.
2005  17.964   [13]  68.679   [13] 64.180  [13] 27.058  [13] 181.689   [13]  9.000  [13]
14.000  [11]  70.000  [11] 6.300 [11] 35.000 [11] 84.000  [11]  7.000 [11]
2006  12.653   [13]  70.946   [13] 72.244  [13] 27.951  [13] 53.407   [13]  9.300  [13]
2007  14.281   [13]  58.841   [13] 53.978  [13] 28.874  [13] 182.202   [13]  12.000  [13]
2008  14.056   [13]  67.614   [13] 67.901  [13] 29.100  [13] 190.000   [13]  10.500  [13]
2009  14.971   [13]  47.210   [13] 69.913  [13] 29.820  [13] 232.149   [13]  10.900  [13]
14.000 [20]
2010  12.800   [13]  65.000   [13] 71.400  [13] 32.631  [13] 199.700   [13]  11.250  [13]
2011  13.000   [13]  53.847   [13] 72.000  [13] 33.216  [13] 208.000   [13]  11.200  [13]
Min  12.653  47.210  53.978 27.058 53.407  9.000
Max  17.964  70.946  72.244 33.216 232.149  12.000
Ø 09/10/12  40.771  166.057  213.313 95.667 639.849  33.350
WPt  8.154  33.211  42.663 19.133 127.970  6.670
 
Shea butter production is mainly carried out artisanal but increasing local shea butter 
demand especially in urban population and raw shea butter exportations must be 
satisfied by semi-industrial and industrial facilities which are summed up in Table A - 
5. To calculate the residue potential here Equation A – 2 must be modified as the 
given processing capacities are not shea nuts but shea kernels/almonds. The new 
equation to estimate the residues is: 
ࢃࡼ૚૙૙%/ࢇࢉ࢚࢛ࢇ࢒	 ൌ ࡿࢎࢋࢇ	࢑ࢋ࢘࢔ࢋ࢒	ࢉࢇ࢖ࢇࢉ࢏࢚࢟ ∗ ૙. ૞    Equation A - 3 
 
Burkina Faso’s semi-industrial and industrial shea transformation units are Burkarina 
SARL, Karilor, Phycos, Savomi, Naturex, SPH [68]. Concerning the facility SOFIB, 
cited in the table, another source mentions that it stopped activity. SNCitec is cited by 
the same source to diminish shea butter production [68]. Additionally, there are a row 
of small shea butter producers which are assumed to apply traditional processing not 
resulting in shea cake [69]. 
Ghana Specialty Fats’ planned shea nut processing is expected to reach 25.000 tons 
a year, making it the largest shea processor in Ghana [27]. 
Two thirds of the shea tree population of Africa are located in Mali. Mali’s shea nut 
production potential is estimated to be around 250.000 t/yr [20]. 80-120.000 t of dried 
almonds are consumed by rural and urban population. About 80% of the 





Japan. 10 large shea nut producing facilities are reported in Mali converting about 
6% of the processed almonds while artisanal facilities cover about 63% [20]. 
The industrial transformation of shea almonds in Togo is carried out by the company 
NIOTO (in Lomé). This unit has a processing capacity of 100 t/day [20]. 
In Niger, the production of shea butter is artisanal [66], no industrial facilities have 
been identified. 
 






t  Trituraf  10000 2500  [70] Total  10000 2500   




Huicoma  25000 6000  [70] 
Sika  25000 6000  [70] 
Total  50000 12000   
Waste potential [t/yr]  WP100%=25000 WPactual=6000   
To
go
 Nioto  15000 3750  [70] Total  15000 3750   
Waste potential [t/yr]  WP100%=7500 WPactual= 1875   
 
 
2.3 Availability estimation of jatropha cake 
Although jatropha is known in many sub-Saharan countries since a long time 
(planted as hedges or for artisanal soap production), jatropha industry is in its early 
stage. In 2008, all over Africa about 119.000 ha of jatropha plantations and 97 
projects were reported [71]. 
As the jatropha culture is not a commodity for human nutrition, the FAO does not 
have statistics concerning the annual production of jatropha seeds or jatropha oil. 









SinocogBohicon  10000 2500  [70] 
SonocogCotonou  5000 1000  [70] 
Total  15000 3500   






o  SNCitec  15000 3750  [70] 
BurkarinaSarl  3000 No information  [29] 
SOFIB  15000 3750  [70] 
Total  33000 7500   




West African Mills  10000 2500  [70] 
Juaden oil mills  1200 600  [70] 
The pure company  10000 No Information  [70] 
Ed oil  5000 500  [70] 
Bosbel  5000 500  [70] 
Ghana Specialty Fats’  25000 17500  [27] 
Total  70000 4100  [69] 





West Africa is calculated from cultivated areas. The jatropha plantations in West 
Africa are young, and as the plants begin to give fruits just 3-5 years after planting no 
viable data on fruit yields have been found yet. 
Jatropha seed contain 30-35% vegetable oil [72]. In average 4 kg of jatropha seed 
are needed to produce 1 l of oil [73]. The density of jatropha oil is 0.92 kg/l [74], so 
the output of 4 kg of seeds is 0.92 kg oil (= 23% of the seed mass). The rest (about 3 
kg or 75% of the initial seed mass) is potentially jatropha cake waste if water 
evaporation during pressing is ignored. 
The yield of jatropha plantations is not exactly known, the sources differ widely [72]. 
Jatropha producers in Burkina Faso estimate the jatropha seed production to be 2-
3t/ha giving 500-1.000l jatroha oil per ha [75]. More modestly, the yield of jatropha 
seed per ha is reported to be 1.2 t in Burkina Faso which would result in an oil yield 
of 300 l/ha [75]. This value should be basis for the estimates for Burkina Faso, Mali, 
and Niger as climatic conditions can be considered to be almost equal. 
ࢃࡼ࢚ ൌ ࡶࢇ࢚࢘࢕࢖ࢎࢇ	ࡼ࢒ࢇ࢔࢚ࢇ࢚࢏࢕࢔	࡭࢘ࢋࢇ ∗ ૚. ૛࢚/ࢎࢇ	 ∗ ૙. ૠ૞  Equation A - 4 
 
Preferable climatic conditions are found in the coastal states of West Africa [71]. 
According to a representative of the NGO Centre Songhai Jatropha oil production in 
Benin is 1.200 l/ha which corresponds to 5.2 t/ha [76]. A more credible source 
documents that 5 or more t/ha are not possible [72]. To estimate the presscake 
residue from jatropha for Ghana, Togo, Benin and Ivory Coast an average yield of 
2.5 t/ha is assumed. 
ࢃࡼ࢚ ൌ ࡶࢇ࢚࢘࢕࢖ࢎࢇ	ࡼ࢒ࢇ࢔࢚ࢇ࢚࢏࢕࢔	࡭࢘ࢋࢇ ∗ ૛, ૞࢚/ࢎࢇ	 ∗ ૙. ૠ૞  Equation A - 5 
 
Jatropha projects and cultivation are recently increasing. In 2008, the commercial 
jatropha activity was low in Burkina and Togo, while Mali and Ivory Coast have 
started commercial activity with an increasing trend. Ghana’s activity already has 
been strong, large scale projects are currently prepared [71]. 1 million ha of jatropha 
plantation are the target [51]. In Ghana, the Biofuel Africa Ltd initially planted 2 
hectares of jatropha as a pilot providing seeds for further plantations. Currently, the 
company has planted 2.000 hectares of jatropha for commercial purposes and is 
planning to expand to 800.000 hectares by 2015. A nursery of 100 hectares as well 
as a test farm of 850 hectares are located at Sogakope, using the nearby river for 
irrigation [71]. 
In Ivory Coast, Jatroci has already planted 5.000 ha of jatropha, 100 ha of which 
serve as semen bank, which should furnish grains for a 10.000 ha plantation which 
should have been realized by the end of 2008. Further plantations are planned [77].  
Mali has a quite long jatropha cultivation tradition (living fences to protect food crops). 
Nowadays, the use of pure plant oil for rural energy supply is focused [71].  
In Togo, the operators (PISA IMPEX TOGO, CREPER (Biostar)) are discussing with 
authorities about the permission of the production, transformation and 
commercialization of agro-fuels [78]. 
Processing units are certainly close to the large plantations allowing pressing the 





produces 6 million litre per year [76]. Belwet in Burkina Faso has the capacity to 
process 30 tons of seeds a day [79]; in Barsalagho the oil press can process 100 
kg/h (264 t/yr) of jatropha seeds. Mali Biocarburant SA is the only industrial unit, 
located in Koulikoro, in Mali. Its capacity is 2.000 t/yr [80]. Smaller units as JMI can 
process 400 kg of seeds a day [81]. 
 
Table A - 6: Jatropha cultivation areas in West Africa 
 
  































































Table A - 6 continued 
 
 
As the plantation areas are steadily increasing and as the jatropha oil is principally 
produced for the local market of African countries, the waste potential estimation is 
quite difficult. However, the jatropha press cake will be the by-product of any 
industrial transformation unit. They will have to deal with this residue. Thus, it is not 
necessary to estimate the “100% waste potential” and the “actual waste potential” of 


































Annexe 3: Flash pyrolysis reactors and equipment 
Different types of reactors have been developed in order to optimise pyrolysis oil 
yields by increasing heat and mass transfer rates and decreasing residence time of 
pyrolysis oil vapours. This Annexe presents shortly different reactor configurations, 
some other equipment, and features. 
The reactor configuration systems are classified based on the mechanism of heat 
transfer to biomass particles and are sub-divided into fluidised beds, ablative reactors 
and others [88, 89], see Figure A - 2. 
 
Figure A - 2: Classification of flash pyrolysis reactor configurations 
 
 
3.1 Fluidised bed reactors 
The most common reactor type used for fast pyrolysis of lignocelluloses is the 
fluidized bed [90]. This kind of reactor was developed in the early 1970’s for the 
pyrolysis of coal, municipal solid waste and biomass [89]. Stationary and circulating 
fluidised beds are distinguished. Fluidised bed reactors are flexible and thermally 
stable. They exhibit a number of advantages mainly in terms of operation simplicity 
and heat provision [89]. 
 
 
3.1.1 Stationary fluidised bed 
Within stationary fluidised bed reactors biomass is thermally decomposed in a 
fluidised bed of hot sand (450-500°C) [88]. Heat transfer combines the characteristics 
of various mechanisms including gaseous convection heating and heat transfer from 
the hot sand [89].  
The dried and grinded biomass is inserted sideways into the hot fluidized sand by a 
feed screw system. Organic materials immediately are thermally decomposed. The 
emerging volatile components are dissipated with the fluidising gas at the head of the 
reactor. Char is separated in multi cyclone systems. Afterwards, scrubbers or 
quenchers cool the hot gas to room temperature abruptly. Quenching agent might be 
pyrolysis oil or a non-miscible organic hydrocarbon. At industrial scale, a part of the 
cleaned pyrolysis gas can be lead back (over a compressor) to the reactor and used 
as fluidising gas. In research reactors, preheated nitrogen gas is used to provide the 
necessary reaction heat. Heat supply can be realized by burning the pyrolysis char 




























used for the pre-drying of the feedstock. The maximum yield of oil (including reaction 
water) is about 75 %, concerning dry biomass [88]. 
 
 
3.1.2 Circulating Fluidised Beds 
Another application of the fluidised bed for flash pyrolysis purposes is the circulating 
fluidised bed. In equivalence to the stationary fluidised bed, the very fine grinded (1-3 
mm) material is introduced sideways to the reactor. The emerging char and the bed 
material (sand) are continuously removed from the reactor. In a first cyclone, the 
sand is separated from the flow and reintroduced to the reactor. Re-circulating hot 
sand is used to heat biomass replacing at least a part of gas, leading to a more 
compact design since the heat capacity of solids per unit volume is higher than for 
gas. The reactor is operating at high velocities, necessary for the continuous 
transport of the solid matter, and high voidages, i.e. much lower solids density, than 
those encountered in a dense, bubbling fluidized bed. The emerging char is 
separated in a second cyclone, it is burnt to produce heat for the process (e.g. for 
heating the bed material). The liquid products are condensed using conventional 
techniques (e.g. quenching and electrostatic precipitation) [88]. 
 
 
3.2 Ablative pyrolysis 
Ablative pyrolysis is a special form of flash pyrolysis. Ablation means the removal of 
material through the influence of heat [88]. Biomass particles are decomposed by the 
direct contact to a hot surface. The biomass particles are molten and vaporised by 
the thermal energy. Particle size does not play a major role in ablative pyrolysis; even 
wood chips can be applied. The impact of ablation can be intensified by additional 
pressing force, which can be achieved by different techniques. For ablative pyrolysis 
three different processes exist [90, 91]: the rotating ablative plate, the rotating cone 
and the Vortex-Reactor 
 
 
3.2.1 Rotating plate pyrolysis 
This application functions under the premise that, while under pressure, heat 
transferred from a hot surface can soften and vaporize the feedstock in contact with it 
– allowing the pyrolysis reaction to move through the biomass in one direction. With 
this arrangement, larger particles, including logs, can be pyrolysed without 
pulverizing them. The most important feature is that there is no requirement for an 
inert gas medium, thereby resulting in smaller processing equipment and more 
intense reactions. However, the process is dependent on surface area, so scaling 









3.2.2 Rotating cone reactor 
The principle of the rotating cone reactor is based on the rapid heat transfer from the 
solid surface of a rotating cone to small wood particles, which are mixed for a better 
heat transfer with sand or a catalytically active material [90]. 
In these reactor designs there are two fluid beds: 
(1) The inner cone bed allows the conversion for the biomass particles. The carrier 
particles are sucked up by the rotating action of the cone and the mixture of biomass 
and solid material moves spirally upwards along the hot cone wall from the bottom to 
the top. The particles fall back over the edge into the fluid bed.  
(2) The second fluid bed is around the rotating cone and it contains sand and char. 
Between the two fluid beds is a connection through orifices. The char particles 
remaining in the second bed are burned and the energy is used for heating the 
reactor. Transport of the hot sand to the cone's interior is affected by a small riser 
system. The advantage of this system is that no carrier gas is needed. The 
throughput capacity for solids (sand plus biomass) is about 3 kg/s. The disadvantage 
is the requirement for small particle size (ca. 200 μm) [90].  
 
 
3.2.3 Vortex Reactor 
Small particles are forced by a steam current with high speed (1200 m/s) to rotate on 
the heated inner wall (625 °C) of a cylindrical reactor. Accordingly, the heat transfer 
occurs by direct contact between the particles and the reactor wall. The isolating 
liquid and solid pyrolysis products arising on the surface during pyrolysis are 
removed by friction. The solid particles not completely pyrolysed are re-circulated, 
whereas the hot char is separated by a cyclone [90]. 
 
Table A - 7 sums up the advantages and disadvantages of the aforementioned 
reactor technologies. Fluid beds and circulating fluid beds are the configurations 
most often used [93] because of technical maturity operation which they obtained for 
other applications like combustion and gasification.  
 
Table A - 7 : Listing of advantages and disadvantages of flash pyrolysis reactor 
arrangements [91] 
Process Advantages Disadvantages 
Fluidised bed 
reactors 
- high heat transfer rates 
- good mixing of particles 
- well known technology 
- high space-time yield 
- easy and robust construction, no moving parts 
- small particles necessary (2-6 mm) 
- high dilution of the product 
- complex product separation 
Ablative 
reactors 
- heat transfer through direct contact to hot surface 
- no heat carrier / transport gas is needed 
- no dilution of the product is occurring 
- product separation is easy 
- compact design 
- no restriction to particle size 
- high space-time yield 
- problematic input of process heat 
- mechanically drived processes are 
very complex 






3.3 Feedstock preparation 
The feed water is recovered entirely with the liquid pyrolysis product. If water content 
is higher than 10 wt.-% biomass must be dried. A lower water content decreases 
energy consumption linked to water vaporisation. Low grade process heat usually 
can be applied to dry the biomass (flue gases from by-product gas or char 
combustion) [93]. 
Particles should be very small to increase heat transfer rates, which would result in 
high liquid yields. Depending on the reactor configuration particles sizes range from 
less than 200 μm (rotating cone reactor) over less than 2 mm (fluid beds) to less than 
6 mm (circulating fluid bed) [93]. Whole tree chips can be used for ablative reactors, 
as heat transfer mechanism is different. Size reduction is an additional biomass 
processing step which is increasingly most expensive for reactors requiring smallest 
particles [93].  
 
 
3.4 Char and ash separation 
In fluidised bed applications char is separated from the carrier gas and vapour flow 
by cyclones. The char contains almost all the ash of the parental biomass, which 
means that effective char removal results in effective ash removal. As over carrying 
of some fine char particles cannot be avoided they will collected in the liquid [93]. 
The catalysing behaviour of char leads to secondary cracking reaction in the vapour 
phase. Char separation should, therefore, be carried out very quickly. Char 




3.5 Vapour residence time and liquid collection 
Composition and quality of pyrolysis oils are influenced heavily by time and 
temperature profile between the formation and the condensation of the pyrolysis 
vapours. Too high temperatures for too long periods favour cracking reactions, which 
are inhibited below 350°C. Char also contributes to vapour cracking as described 
above. Vapour residence times for fuel production of 2 second at elevated 
temperatures can be tolerated for fuel production [93].  
The comprehensive liquid collection after pyrolysis is one of the technical tasks to 
overcome. The aerosol nature of the volatile products makes condensation difficult. 
Often a combination of quenching and electrostatic precipitation is used [90]. 
Quenching is the word to describe a process where something is cooled by plunging 
into a liquid [94]. Pyrolysis vapours are quenched with the help of either already 
condensed pyrolysis oil or a hydrocarbon not miscible with the pyrolysis oil. 
Downstream electro-precipitation might be installed which is effective to recover 
aerosols. The condensation of light molecular mass chemicals is important in 
reducing liquid viscosity. Components condensed during quench and precipitation 





Annexe 4: Calculation of pyrolysis gas yields 
In each pyrolysis experiment carried out in this study, nitrogen was used as inert 
carrier gas and can be used as reference (internal standard) to quantify gases 
formed during pyrolysis experiments. This Annexe presents the theoretical basics on 
the calculation of gas yields. 
 
Concerning the experiments in the tubular furnace all incondensable gases 
accumulated within 15 min in the gas sampling bag (gas sampling time, ݐ௚௔௦). 
Knowing the pre-defined nitrogen flow ሶܸேమ it is possible to calculate the molar quantity 
of nitrogen (݊ேమ) present in the gas sampling bag: 
࢔ࡺ૛ ൌ
ࢂሶ ࡺ૛∗࢚ࢍࢇ࢙
ࢂࡹ         Equation A - 6 
 
Assuming that the gases behave like ideal gases the molar volume ெܸ is equal to 
22.414 l/mol. If ݒேమ and ݒ௓ are assumed the volumetric concentrations of nitrogen 
and the gas Z (Z = CO, CO2, H2, CH4, C2H4, C2H6) measured by µ-GC the molar 
quantity of the gases Z produced (݊௓), the mass of each gas Z (݉௓) and the mass 
yield of each gas Z ( ௓ܻ) can be calculated by: 
࢔ࢆ ൌ ࢔ࡺ૛∗࢜ࢆ࢜ࡺ૛          Equation A - 7 
࢓ࢆ ൌ ࢔ࢆ ∗ ࡹࢆ        Equation A - 8 
ࢅࢆ ൌ ࢔ࢆ∗ࡹࢆ࢓࡮ࡹ ∗ ૚૙૙%        Equation A - 9 
 
Where ܯ௓ is the molar mass of each component Z. 
 
With respect to the flash pyrolysis experiments, the total mass of the permanent 
gases is determined with help of the volumetric fractions ݒ௓	 determined by µGC too. 
Gaseous fractions are calculated for continuous intervals of regular time spans. 
The same principle as described above is applied. The known nitrogen flow imposed 
by the flow-meter allows to calculate the molar flow of nitrogen ሶ݊ ேమሺ݅ሻ which reaches 
the µ-GC at each measurement ݅.  
࢔ሶ ࡺ૛ሺ࢏ሻ ൌ
ࢂሶ ࡺ૛ሺ࢏ሻ
ࢂࡹ          Equation A - 10 
The molar flow of each gas Z, ሶ݊ ௓ሺ݅ሻ, which reaches the µGC at measurement ݅ is 
calculable following the same equation as described above. In the case of continuous 
measuring small volumes of air are introduced into the µGC. Thus, the amount of 
oxygen and nitrogen added by air inlet must be corrected. 






       Equation A - 11 
 
The volume flow of each gas Z at measurement ݅ is dertermined by the application of 
the molar volume of gases. 





The overall volume of a gas Z is the sum of each volume flow ሶܸ௓ሺ݅ሻ divided through 
the duration of the experiment. 
ࢂࢆ ൌ ∑ ࢂ
ሶ ࢆሺ࢏ሻ࢏స࢚ࢋ࢞࢖࢏స૙
࢚ࢋ࢞࢖          Equation A - 13 
 
The total volume production of permanent gases is equal to the sum of each volume 
௓ܸ: 
ࢂ࢚࢕࢚ࢇ࢒ ൌ ∑ࢂࢆ         Equation A - 14 
 
Finally, the mass of each gas Z, ݉௓,	and the permanent gases ݉௚௔௦ are: 
࢓ࢆ ൌ ࢖∗ࢂࢆࡾ∗ࢀ           Equation A - 15 






Annexe 5: Relations to estimate HHV 
In order to avoid the time consuming analysis of higher heating values of (solid) fuel 
samples (coal, biomasses, char, ...) a row of correlations has been proposed to 
predict HHV in literature. These correlations are based either on results of ultimate 
(U) or proximate (P) analyses of the samples [95-97]. With the aim to identify the 
most appropriate correlation for extractive rich biomasses, the applicability of certain 
correlations was evaluated. This allows additionally intensely exploiting the 
concerning results of this study. The identified correlation is also used to calculate 
other HHVs (as for char in chapter IV.1.2) depending on the applicability range given 
by the authors. 
An extensive review of correlations was made by Channiwala and Parikh [96]. Yin 
[97] made a summary of recent (1-9 in Table A - 8) and established (10-12 in Table A 
- 88) correlations applicable to biomasses, six derived from proximate analyses and 
six derived from ultimate analyses. Based on a study on both proximate and ultimate 
analysis of 44 different biomasses Yin proposed two correlations, which correspond 
to eq. 13 and 14 in Table A - 88. 
 
Table A - 8: Correlations to predict HHV of biomass (adapted from [97]) 
Author Correlation P/U  
Sheng and Azevedo HHV = 19.914 - 0.2324%Ash P 1 
Sheng and Azevedo HHV = -3.0368 + 0.2218%VM + 0.2601%FC P 2 
Parikh et al. HHV = 0.3536%FC + 0.1559%VM - 0.0078%Ash P 3 
Sheng and Azevedo HHV = 0.3259%C + 3.4597 U 4 
Sheng and Azevedo HHV = -1.3675 + 0.3137%C + 0.7009%H + 0.0318%O U 5 
Friedl et al HHV = 3.55%C2 – 232%C – 2230%H + 51.2%C * %H + 131%N + 20,600 U 6 
Channiwala and Parikh HHV = 0.3491%C + 1.1783%H + 0.1005%S - 0.1034%O - 0.0151%N - 
0.0211%Ash 
U 7 
Cordero et al. HHV = 354.3%FC + 170.8%VM P 8 
Cordero et al. HHV = 35.430 - 183.5%VM - 354.3%Ash P 9 
Jimennez and Gonzales HHV = -10.8141 + 0.3133 (%VM +%FC) P 10 
Jenkins and Ebeling HHV = -0.763 + 0.301%C + 0.525%H + 0.064%O U 11 
Tillman HHV = 0.4373%C - 1.6701 U 12 
Yin [97] HHV = 0.1905%VM + 0.2521%FC P 13 
Yin [97] HHV = 0.2949%C + 0.8250%H U 14 
 
Proximate and ultimate analyses results of Chapter III.3 were applied to the 
correlations of Table A - 8. A relative error was calculated to evaluate the applicability 
of the different correlations proposed by the different authors over the wide range of 
extractive contents of biomasses: 
ࡱ࢘࢘࢕࢘	ሾ%ሿ ൌ ቚࡴࡴࢂࢋ࢞ିࡴࡴࢂࢌࡴࡴࢂࢋ࢞ ቚ ∗ ૚૙૙%      Equation A - 17 
 
With HHVex and HHVf being the higher heating value determined by experimentation 
and calculated by the formulas respectively. The calculated HHVf of each correlation 
with each sample plus the relative errors are shown in Table A - 9.  
It is evident that all the proposed formulas fit well with the rubber wood sample. The 
largest relative error is 5.7% (Eq. 5). All of the correlations are applicable for 





step extracted and de-oiled cakes some of the correlations errors exceed 10%. 
Highest errors are found for eq. 8 and 9. 
In general, it can be concluded that correlations using proximate analysis results in 
the highest errors ranging from 0,1-41,8 % while for correlations based on ultimate 
analysis the error span is only 0,0-19,7 %. However, except for eq. 6 and 7 an 
increasing extractive content seems to increase the error between experimental 
determined and calculated values. 
For eq. 6 and 7 the error is smaller than 10% over the whole extractive content 
range. From Table A – 8, it can be seen that these correlations are the most 
complex, which explains their wide spectrum of applicability. The fact that 
correlations using ultimate analysis as basis fit better can be explained by the 
influence of extractives on ultimate and proximate analysis. In fact, higher extractive 
contents do only slightly influence on VM and FC while their presence causes 
important changes in elemental composition. 
Correlation 7 fits best and is the most complex correlation which takes into account 
the elemental composition but also the ash content. As claimed by Channiwala and 
Parikh [96] this correlation covers the following concentration ranges: 
0%<%C<95.25%; 0.43%<%H<25.15%; 0%<%O<50%; 0%<%N<5.6%; 
0%<%S<94.08%; 0%<%ash<71.4%. Additionally a HHV range from 4.7 to 55.3 
MJ/kg is covered. These limits even comprise the values for pure extractives. The 
errors for calculated and literature values for the HHV of jatropha oil and CNSL are in 
the same order of magnitude as for the solid biomasses (rich in extractive). Thus, this 
correlation is a very good approach for biomasses with an extractive content over a 






Table A - 9: Application of correlations of Table A - 8 to the experimental results of Chapter III.3 (Table III – 4) with relative errors 



























HHVex 19,5 18,6 18,1 20,3 25,7 19,5 19,7 20,8 27,0 19,1 19,6 21,8 30,3 
Eq. Calculated HHVf and absolute errors in brackets 
Max. 
Error 
1 (P) 19,1(2,2) 19,0(1,9) 18,6(2,8) 18,6(8,2) 18,8(27,0) 18,0(7,5) 17,6(10,6) 17,8(14,6) 18,1(33,0) 18,1(5,5) 17,6 (10,0) 17,8 (18,1) 18,5 (39,1) 39,1  
2 (P) 19,7(0.9) 19,7(6,0) 19,5(7,6) 19,4(4,4) 19,2(25,1) 18,9(3,0) 18,5(5,9) 18,6(10,7) 18,7(30,8) 19,5(2,4) 18,8 (3,9) 18,8 (13,6) 18,9 (37,5) 37,5 
3 (P) 18,8(3,4) 19,6(5,3) 19,7(9,1) 19,2(5,6) 18,0(30,1) 19,4(0,5) 19,0(3,4) 18,7(10,1) 17,8(34,1) 21,5(12,6) 20,5(4,8) 19,6(9,9) 17,6-41,8) 41,8  
4 (U) 19,7(1,1) 19,2(3,4) 19,1(5,4) 20,1(0,9) 22,4(12,9) 19,6(0,3) 19,7(0,2) 19,6(5,8) 22,2(17,9) 19,7(2,9) 19,6(0,1) 21,0(3,7) 24,3(19,7) 19,7  
5 (U) 18,4(5,7) 17,9(4,0) 17,8(1,4) 19,0(6,5) 21,9(14,9) 18,2(6,8) 18,4(6,6) 18,6(10,8) 22,1(18,2) 17,8(6,6) 17,9(8,4) 20,0(8,1) 24,9(17,7) 18,2  
6 (U) 19,8(1,5) 19,2(3,3) 19,0(5,0) 20,4(0,7) 24,5(4,8) 20,0(2,7) 20,0(1,4) 20,1(3,2) 25,0(7,5) 19,8(3,6) 19,8(0,9) 22,0(0,7) 29,7(2,0) 7,5  
7 (U) 19,8(1,3) 19,1(2,5) 19,3(6,4) 20,9(3,2) 25,3(1,4) 20,3(4,1) 20,7(5,3) 21,1(1,3) 26,4(2,1) 19,5(2,2) 19,9(1,7) 23,0(5,4) 30,4(0,4) 6,4  
8 (P) 20,1(3,0) 20,8(11,6) 20,9(15,4) 20,4(0,3) 19,3(25,1) 20,5(5,2) 20,2(2,3) 19,9(4,5) 19,0(29,5) 22,5(17,8) 21,6(10,0) 20,7(4,9) 18,9(37,6) 37,6  
9 (P) 20,1(3,0) 20,8(11,8) 20,9(15,4) 20,3(0,1) 19,3(25,1) 20,6(5,4) 20,1(2,1) 19,9(4,5) 19,0(29,5) 22,2(16,0) 21,6(10,0) 20,7(4,9) 18,9(37,6) 37,6  
10 (P) 19,4(0,7) 19,2(3,1) 18,8(3,6) 18,8(7,3) 18,9(26,3) 18,0(7,9) 17,5(11,2) 17,6(15,2) 18,1(33,0) 18,3(4,0) 17,5(10,8) 17,8(18,5) 18,5(38,8) 38,8  
11 (U) 20,1(3,0) 19,6(5,5) 19,5(7,8) 20,4(0,4) 22,5(12,3) 19,4(0,6) 19,6(0,7) 19,6(5;7) 22,2(17,7) 19,3(1,0) 19,3(1,7) 20,9(4,1) 24,6(18,9) 18,9  
12 (U) 20,1(3,3) 19,5(4,8) 19,3(6,5) 20,7(1,8) 23,7(7,7) 19,9(2,2) 20,1(1,8) 20,0(4,0) 23,4(13,2) 20,1(5,0) 20,0(2,1) 21,9(0,2) 26,3(13,2) 13,2  
13 (P) 20,0(2,5) 20,1(8,3) 20,0(10,5) 19,8(2,2) 19,5(24,0) 19,5(0,1) 19,2(2,6) 19,2(7,9) 19,1(29,3) 20,4(6,6) 19,7(0,3) 19,5(10,5) 19,2(36,5) 36,5  





Annexe 6: Superposing dTG curves 
With the aim to be able to make additional hypothesises whether extractives interact 
during pyrolysis with their solid matrix in cashew, jatropha and shea samples in this 
Annexe some dTG curves were mathematically superposed.  
 
The curves of two-step extracted cakes and pure extractives as well as de-oiled 
cakes and pure extractives were added applying a simple average for the 
temperature and a weighted average concerning the extractive-solid composition for 
each point: 
ࢀ࢏,ࢇ ൌ ࢀ࢏,ࢋ࢚࢞࢘.ࢉࢇ࢑ࢋାࢀ࢏,ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ૛        Equation A - 18 
ࢊࢀࡳ࢏,ࢇ ൌ ࢊࢀࡳ࢏,ࢋ࢚࢞࢘.ࢉࢇ࢑ࢋ∗ሺ૚૙૙%ି࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙ሻାࢊࢀࡳ࢏,ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ∗࣓ࢋ࢚࢞࢘ࢇࢉ࢚࢏࢜ࢋ࢙૚૙૙%    Equation A - 19 
 
where ‘i’ is a placeholder for each point in the concerned dTG profile and ‘a’ signifies 
the average of two values. ‘Extr. cake’ can signify ‘de-oiled’ or ‘two-step extracted 
cake’, and ߱௘௫௧௥௔௖௧௜௩௘௦ is a placeholder for either the extractive content in a crude 
cake or the CNS, jatropha or shea nut. Figure A - 3, Figure A - 4 and Figure A - 5 
show the dTG curves which were obtained with these equations for cashew, jatropha 
and shea respectively always in comparison to the experimental dTG curve 
(CNS/CNSc; jatropha nut/Jc; shea nut/Sc). 
From Figure A - 3 (left) one can see that the theoretically obtained dTG curve for 
CNS with de-oiled CNSc and CNSL fits quite well with the experimental curve. The 
dTG curve obtained with two-step extracted cake and CNSL underestimates the 
CNSL peak but overestimates the cellulose peak. For the crude CNSc (Figure A - 3 
(right)) one can see that both of the superposition do not fit as good with the 
experimental curve. However, one might conclude (as a first approach) that CNSL 
decomposes independently and in parallel to the solid matrix. 
 
 




































Two-step extr. CNSc + CNSL --> crude CNSc






From Figure A - 4 one can see that neither for jatropha nut (left) nor for the crude Jc 
the calculated dTG curves fit well with the experimental curve. The curve obtained by 
superposing two-step extracted seed and jatropha oil fits quite well at the beginning 
up to temperatures of 350°C although it seems that the protein peak is 
underestimated. The triglyceride decomposition peak in the calculated curve is 
shifted to higher temperatures and is underestimating the real decomposition.  
The dTG curve obtained with de-oiled Jc and jatropha oil overestimates the protein 
peak while it underestimates the triglyceride decomposition as well. 
The same phenomena can be observed in Figure A - 4 (right) for crude Jc. The curve 
obtained with two-step extracted cake has no peak for proteins at all and the peak for 
triglyceride decomposition is shifted to higher temperatures. Only the peak for 
cellulose decomposition is relatively close to the peak in the experimental dTG curve. 
The peak for proteins in the curve obtained with de-oiled Jc overestimates protein 
decomposition and also sets the peak for triglyceride decomposition to higher 
temperatures.  
Because the calculated curves do not fit well with the experimental curve one might 
think that interaction between the solid matrix and the vegetable oils takes place. 
 
 
Figure A - 4: Superposed dTG curves to give theoretic dTG of jatropha seed (left) 
and crude Jc (right) 
 
From Figure A - 5 dealing with shea samples one can observe similar phenomena as 
for jatropha. Globally, the calculated dTG curves for nuts fit better with the 
experimental curve than for the cake. Due to the relatively higher content in 
vegetable oil and lower content of celluloses, the curves for the nuts fit even better 
compared to jatropha. In the cake vegetable oil concentration is lowered which 
results in a relative increase of solids (protein, cellulose) which results in a worse fit 






























Two-step extr. Jc + Jatropha oil --> crude Jc






Figure A - 5: Superposed dTG curves to give theoretic dTG of shea nut (left) and 


































Two-step extr. Sc + Shea butter --> Shea nut





Annexe 7: Identification of rapid pyrolysis oil components 
This Annexe makes correspondence to all the peaks with area percentages superior 
to 1% in at least one chromatogram out of a sample series, which were not quantified 
within the 65 compounds (for which calibration curves exist). One gets an idea of the 
relative development of a concentration of the components with increasing extractive 
content. 
For example, the area percentage of peak 4 in  
Table A - 10 corresponding to a decomposition product of the solid matrix in the 
cashew samples (1,2-Cyclopentanedione,3-methyl) decreases with increasing 
extractive content. In contrast, the area percentage of peak 12, which corresponds 
probably to a decomposition product of CNSL (Phenol, 3-Cyclohexyl), increases with 
increasing extractive content. In most cases, there is a trend observable. However, 
pyrolysed CNSL has several compounds which were identified to be Phenol,3-
pentadecyl (cardanol). Certainly, the NIST library does not contain all possible 
decomposition products of CNSL, which might be the explication for that. 
 
In contrast, for the oil-bearing fruits there are components with rather high area 
percentages, which are uniquely present in pyrolysis oils from nuts and cakes. 
Oleanitrile (peak 41 for jatropha/Table A – 11 and peak 37 for shea/Table A - 12) is 
one of the components, which are a sign for interaction of vegetable oils with the 
solid matrix in form of proteins. In the study of Garcia-Perez et al. [98] pyrolysis oils 
were separated into eight macro-families, which was demonstrated to be an effective 
technique for classifying oils’ constituents originating from different feedstocks. 
However, full characterization remains challenging due to the large number of 
chemical species with different polarities, and widely varying molecular weights all 
contained within the same organic liquid [99].  
The following tables and chromatograms can, thus, be considered as a 
complementary study of pyrolysis oil compositions from extractive rich biomasses. 
 







CNS CNSL Formula 
1 19.685 2-Cyclopenten-1-one,2-methyl 1.62 0.57    C6H8O 
2 23.005 1,2-Cyclopentanedione 1.29 0.58    C5H6O2 
3 24.733 Butyrolactone 1.04 0.56 0.31  C4H6O2 
4 27.927 1,2-Cyclopentanedione,3-methyl 2.21 0.84 0.35  
5 34.869 Cyclopropylcarbinol 1.87 0.44   C4H8O 





Table A - 10 continued 
7 37.263 Phenol-3-ethyl 0.24 0.31 1.05 2.28 
8 40.277 1,4:3,6-Dianhydro-α-d-
glucopyranose 
1.23 0.47   
9 40.328 Benzofuran,2,3-dihydro  1.30 2.34 3.16 
10 41.004 Benzofuran,2,3-dihydro 2.27 0.91 0.47  See peak 9 
11 48.946 Phenol-3-pentadecyl    1.07 
12 52.51 Phenol,3-Cyclohexyl  0.66 0.99 2.43 
13 56.004 Phenol-3-pentadecyl    1.67 See peak 11 
14 57.167 Undecanoic acid  1.34   C11H22O2 
15 59.262 Phenol-3-pentadecyl    1.16 See peak 11 
16 69.456 Octadecanoic acid 1.06 0.43 0.63  C18H36O2 
17 74.772 Phenol-3-pendadecyl   1.95   See peak 11 
18 74.816 Phenol-3-pendadecyl   1.25   See peak 11 
19 74.916 Phenol-3-pendadecyl   0.88 6.58  See peak 11 
20 75.114 Phenol,3-pentadecyl   2.17  See peak 11 






  1.05  
23 75.335 Phenol-3-pentadecyl    1.90 See peak 11 
24 78.324 Phenol-3-pendadecyl   3.87   See peak 11 
25 78.472 See peak 22  5.52   See peak 22 
26 78.478 Phenol,3-pentadecyl 2.12 30.25 45.27 26.61 See peak 11 
27 78.776 Phenol-3-pentadecyl    1.90 See peak 11 





 3.43   
30 79.388 
 
See peak 22   3.50 1.94 See peak 22 
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1 9.016 1-Undecene    1.14 1.69 C11H22 
2 11.95 2,4-Dimethyl-2-oxazoline-4-
methanol 
 1.16    
3 12.099 Oxazole,4,5-dihydro-2,4,4-
trimethyl 
2.62      
4 12.733 3-Penten-2-one,4-methyl 2.93 9.18    
5 13.185 2H-Imidazole-2,2,4,5-tetramethyl 1.01     
6 13.395 1-Decene   1.01  C10H20 
7 13.5 1-Dodecene     1.52 C12H24 
8 15.597 2-Propanone,(1-
methylethylidene)hydrazone 
1.50     
9 16.686 2,5-Dimethyl-1-pyrroline 
 
1.33    
10 17.522 2-Pentanone,4-hydroxy-4-methyl 1.42 1.89   
11 18.431 1-Decene   1.19 1.19 C10H20 
12 19.095 2-Pentanone,4-amino-4-methyl  2.31   
13 19.476 2-Pentanone,4-amino-4-methyl  1.05   See peak 12 
14 19.57 1-Butanol,2-methylene-acetate 1.42    
15 20.358 Ethanone,1-(2-furanyl) 
 
 1.16   
16 23.569 1-Undecene   1.32 1.30 C11H22 
17 24.626 Butyrolactone 1.25 0.39   
18 28.482 1-Dodecene   1.09 0.88 C12H24 
19 29.388 1,2,3-Trimethylpiperidin-4-one 1.15 1.63   
20 31.099 4-Piperidione,2,2,6,6-tetramethyl 0.40 5.11   
21 33.15 1-Tridecene   1.80  C13H26 
22 33.261 1-Pentadecane    1.33 C15C30 





Table A - 11 continued 
24 37.577 1-Tridecene   2.02  C13H26 
25 37.679 1-Tetradecene    1.28 C16H32 
26 39.718 Phenol,p-tert-butyl 1.05    
27 40.141 1,4:3,6-Dianhydro-α-d-
glucopyranose 
1.13    





1.41    
30 45.291 11-Hexadecen-1-ol   1.52  C16H32O 
31 45.478 n-Decanoic acid    8.71 C10H20O2 
32 45.931 1-Hexadececene   0.979
  
1.24 C16H32 
33 48.831 8-Heptadecene   1.95  C17H34 
34 48.968 8-Heptedecene   2.52 1.87 C17H34 
35 49.329 Heptadecane   1.91 1.22
% 
C17H36 
36 52.689 9-Octadecen-1-ol    1.61 C18H36O 
37 61.22 Pentadecanenitrile   1.71  C16H31N 
38 63.724 n-Hexadecanoic acid 0.54  1.25  C16H32O2 
39 64.099 n-Hexadecanoic acid   6.38 6.01 15.56 C16H32O2 
40 65.419 Cyclopropanepentanoic 
acid,2undecyl-, methyl ester 
   2.05  C20H38O2 
41 67.151 Oleanitrile    4.78  
42 67.438 Nonadecanenitrile    1.56  C17H33N 
43 68.032 (Z)-14-Tricosenylformate     2.67 C24H46O2 
44 69.925 Oleic acid    2.58  C18H34O2 
45 70.101 9,12-Octadecadienoic acid   6.47   C18H31O2 
46 70.223 Oleic acid   18.51 16.19 21.96 C18H34O2 
47 72.313 Hexadecanamide    1.28  C16H33NO 
48 75.454 Eicosen-1-ol, cis-9-     3.75 C20H40O 
49 75.658 1-Tricosene     1.04 C23H46 
50 76.305 9-Octadecenamide   0.84 2.54   C18H35NO 











Figure A - 7: GC/MS chromatrograms of pyrolysis oils of jatropha samples 
 
  
D – De-oiled Jc
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1 9.021 1-Octene,3,7-dimethyl    1.02  0.88 C10H20 
2 11.72 Oxazola,4,5-dihydro-2,4,4-
trimethyl 
1.87 1.09   
3 12.67 3-Penten-2-one,4-methyl 7.91 0.64   C6H8O 
4 12.98 2H-Imidazole,2,2,4,5-tetramethyl 1.87    
5 13.39 1-Dodecene   1.22 1.11 C12H24 
6 14.06 Pyrrole 2.11 0.49   
7 17.37 2-Pentanone,4-hydroxy-4-methyl 2.60 1.40   
8 18.39 1-Decene  1.01 1.43 1.20 C10H20 
9 19.2 2-Pentanone,4-amino-4-methyl 2.52    
10 19.54 Pyridine,3,4-dimethyl 1.33    
11 21.08 Limonene  1.21 0.78 0.91 
12 23.48 1-Dodecene  1.08   C12H24 
13 23.6 1-Undecene   1.64 1.34 C11H22 
14 24.5 Butyrolactone 0.98 0.56   
15 28.38 1-Dodecene  1.04 1.51 1.19 C12H24 
16 29.35 1,2,3-Trimethylpiperidin-4-one 6.23    
17 31.02 4-Piperidinone,2,2,6,6-
tetramethyl 
5.23 2.36   
18 33.18 1-Tridecene  0.645 1.99 1.31 C13H26 
19 37.6 1-Octanol,2-butyl   1.60  C12H26O 
20 37.61 1-Tetradecene  0.83 0.63 1.62 C14H28 
21 41.77 Nonadecane   2.33  C19H40 
22 41.79 1-Pentadecene  0.69 0.7 2.42 C15H30 





Table A - 12 continued 
24 44.48 n-Decanoic acid    4.34 C10H20O2 
25 45.3 Z-10-Pentadecen-1-ol   1.48  C15H30O 
26 45.55 1-Hexadecene  1.47 3.41 3.78 C16H32 
27 45.86 1-Hexadecanol   1.31  C16H34O 
28 48.49 Naphthalene,2,3,6-trimethyl 1.89 0.70   
29 48.77 8-Heptadecene  1.07 2.00 0.84 C17H34 
30 49.03 E-2-Octadecadecen-1-ol   1.62  C18H36O 
31 49.18 Heptadecane  3.34 7.86 3.53 C17H36 
32 52.82 Nonadecane   0.55  C19H40 
33 52.9 1-Nonadecene   0.7 0.99 C19H38 
34 63.67 n-Hexadecanoic acid  1.06 0.36 0.77 C16H32O2 
35 65.39 Cyclopropanepentanoic acid,2-
undecyl-,methylester 
  1.38  C20H38O2 
36 65.8 2-Nonadecanone  0.66 1.83 0.65 C19H38O 
37 66.87 Oleanitrile  0.48 1.20  
38 67.25 Octadecanenitrile  1.28 2.14  C18H35N 
39 69.26 Oleic acid 1.25 3.07 1.60  C18H34O2 
40 69.77 Octadecanoic acid,2-
propenylester 
 5.74 3.21  C21H40O2 
41 70.46 Oleic acid  15.21 25.06 15.80 C18H34O2 
42 70.74 Octadecanoic acid 2.06 10.88  11.09  
43 75.15 1,2-Benzenedicarboxylic acid, 
diisooctylester 
   2.84 
44 75.38 1-Docosene   0.48 4.31 C22H44 
45 76.2 9-Octadecenamide  1.00 0.70  
46 76.45 Tetradecanamide  1.18   
47 76.63 Octadecanamide   0.63  C18H37NO 
48 89.51 9,19-Cycloergast-24(28)-en-3-
ol,4,14-dimethyl-
 acetate(3β,4α,5α ) 
 1.11 0.2  
49 91.92 Urs-12-en-24-oic acid,3-
oxo,methylester 
 3.08 0.83 0.40 
50 92.06 Lup-20(29)-en-3-ol, acetate (3β)  1.49 0.58 0.91 









Figure A - 8: GC/MS chromatrograms of pyrolysis oils of shea samples 
 
The MS column applied for the quantification of 65 typical pyrolysis oils compounds, 
which were used to identify additional compounds here before, is not adapted to the 
separation of vegetable oils and vegetable oils derived compounds. Therefore, the 
pyrolysis oils were additionally injected into a MS column adapted to the separation 
of vegetable oils and fatty acids. Although cashew samples were successfully 
separated by the previous method, the concerned pyrolysis oils were also analysed 
with the ‘triglyceride’ method. 
Significant difference in the analysed products in-between the two methods were not 
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CNS CNSL Formula 
 1 0.489 1,2-Ethanediol 1.351    
2  0.85 2-Propanone,1(acetyloxy) 1.461 0.443   
3  1.021 2-Cyclopenten-1-one,2-
methyl 
1.060 0.281 0.230  
4  1.101 Butyrolactone 1.561 0.407 0.232  
5  1.402 2-Furancarboxaldehyde,5-
methyl 
1.759 0.496 0.179  
6  1.994 2-Cyclopenten-1-one,2-
hydroxy-3-methyl 
3.925 0.954 0.400  
7  2.21 Phenol,2-methyl 2.415 0.553 0.280  
8  2.772 2-Cyclopenten-1-one,3-
ethyl-2-hydroxy 
2.216 0.631 0.184  
9  3.048 Phenol,3,4-dimethyl 1.310 0.424 0.267 0.245 

















8.349 3.945 2.085  
 
13  3.755 Benzofuran,2,3-dihydro 3.945 1.190 2.085 1.718 
14  3.996 1,2-Benzenediol,3-
methoxy 
1.303 0.176 0.063  
15  4.106 2-Ethoxy-4-methylphenol 1.375 0.443 0.149  





Table A - 13 continued 
17  4.794 1,3-Benzenediol,4-ethyl 1.029 0.348   
18  5.175 4-Ethylacetchol 1.140 0.550   
19  5.235 1,2,3-Benzenetriol 4.736 2.146   




1.546 0.266   
 
21  6.47 Phenol,3-cyclohexyl  0.750 0.859 1.160 
22  6.63 Dodecanoic acid 1.060     C12H24O2 
23  7.313 Phenol,3-pentadecyl   0.226 0.440 1.155 
24  7.473 Phenol-3-phenoxy 0.715 0.176    
25  11.56 Oleic acid 2.319 2.789 1.270 1.354 C18H34O2 
26  11.894 Octadecanoic acid 2.386 0.512 0.830 0.321 C18H36O2 
27  14.789 Azulene,1,2,3,5,6,7,8,8a-
octahydro-1,4-
dimethylethenyl 
 3.540 2.054 0.659 
28  14.919 Phenol,3-pentadecyl 4.055 36.510 46.68
2 
41.399 See peak 23 
29  15.296 See peak 27   4.153 4.678 2.150 See peak 27 
30  15.381 Phenol-3-pentadecyl   5.154 5.240  3.313 See peak 23 
31  15.441 Cyclohexene,3-(1hexenyl)   0.918 1.124 0.948 
32  16.023 Dibenzo(fg,op) 
naphthacene 
 
     1.237 
33  16.103 Pregna-1,4-diene-3,20-
dione,11,17,21-trihydroxy 
     1.225 
34  16.224 Androst-1-en-3-
one,4,4dimethyl 
    0.532 1.485 
35  16.274 Androsta-1,4-dien-3-
one,17-hydroxy-17-methyl 
    0.532 1.149 
36  17.087 Phenol-3-pentadecyl   1.110 1.540 2.006 See peak 23 
37  18.07 1,3-Benzenediol,5-
pentadecyl 
  0.763 1.301 0.73 










Figure A - 9: GC/MS chromatograms of cashew samples (triglyceride method) 
  
D – CNS cake 
E – De-oiled CNS cake 
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1 0.479 1,2-Ethanediol 1.127 0.676   
2 0.604 3-Penten-2-one,4-methyl 2.140 2.953   
3 0.73 2-Pentanone,4-hydroxy-4-
methyl 
2.506 2.454   
4 0.901 2-Pentanone,4-amino-4-methyl  2.729   
5 1.006 2-Cyclopenten-1-one,2-methyl 2.003    
6 1.036 3-Octanamide  2.625   
7 1.081 Butyrolactone 1.127    C4H6O2 
8 1.402 2-Cyclopenten-1-one,3-methyl 1.041 0.664   C6H8O 
9 1.558 1-Decene   1.005 0.539 C10H20 
10 2.024 2-Cyclopenten-1-one,2-
hydroxy-3-methyl 





Phenol,2-methyl 2.084    
13 2.336 2-Propen-1-amine,N,N-bis(1-
methylethyl) 
2.802 3.002   
14 2.446 2-Cyclopenten-1-one,2,3,4-
trimethyl 
 1.749   
15 2.571 2-Piperidinone,1-methyl 1.532    
16 2.621 Phenol,2,3-dimethyl 1.016    
17 2.712 4-Piperidinone,2,2,6,6-
tetramethyl 
2.975 13.285   
18 3.068 Phenol,2,5-dimethyl 2.000 0.792   





Table A - 14 continued 
20 3.675 1,2-Benzenediol 12.80
2 
0.612   
21 3.735 Cyclohexanone,2,6-diethyl  1.231   
22 3.856 Phenol,2-ethyl-5-methyl 2.139    
23 4.001 1,2-Benzenediol,3-methoxy 1.795    
25 4.207 1,2-Benzenediol,3-methyl 2.265    
26 4.453 2-Methoxy-4-vinylphenol 1.199    
27 4.528 4-Methylimidazole-5-
(1,1dimethylethanol) 
1.274    
28 4.563 1,2-Benzenediol,4-methyl 1.807    
29 4.814 Phenol,2,6-dimethoxy 1.557 0.476 
 
  
30 5.311 4-Ethylcatechol 3.114 0.744 
 
  






33 5.697 Cyclohexene,1-octyl    1.404 
34 5.828 n-Decanoic acid    2.527 C10H20O2 





Table A - 14 continued 
35 6.008 1,3-Benzenediol,4-propyl 1.618 Present   
36 7.318 8-Heptadecene   2.798 1.350 C17H34 
37 7.493 Heptadecane   0.992 0.646 C17H36 
38 9.094 Heptadecanitrile  Present 1.526  C17H33N 
39 ~10 n-Hexadecanoic acid 1.076 5.815 10.31 16.02
0 
C16H32O 
40 10.83 Oleanitrile  present 4.981  
41 11.12 Octadecanenitrile   1.388  C18H35N 
42 11.59 Oleic acid 2.306 32.557 39.42 24.60
3 
C18H34O2 
43 12.23 Octadecanoic acid  1.945 2.073 6.764 C18H36O2 
44 12.48 Hexadecanamide  Present 2.205  C16H33NO 
45 12.65 9-Hexadecanoic acid   1.003  C16H30O2 
46 13.85 9-Octadecenamide  0.912 1.943  C18H35NO 
47 14.02 1-Docosene    1.380 C22H44 
48 15.83 11-Hexacosyne    2.267 C26H50 
49 15.95 11-Hexacosyne    1.734 C26H50 











Figure A - 10: GC/MS chromatograms of jatropha samples (triglyceride method) 
 
  

































































































1 0.519 Pyrrole 1.208 1.222   
2 0.594 3-Hexen-2-one  1.971   
3 0.605 3-Penten-2-one,4-methyl 4.619    
4 0.715 2-Pentanone,4-hydroxy-4-
methyl 
3.039 2.289   
5 0.911 2-Pentanone,4-amino-4-
methyl 
2.842    
6 1.006 3-Octamine 3.027    
7 1.056 Butyrolactone 0.971 0.589   
8 1.167 Pyridine,2,3-dimethyl 0.950    
9 1.397 2-Cyclopentent-1-one,3-
methyl 
1.015    
10 1.553 1-Decene   0.816 0.565 C10H20 
11 1.849 (D)-Limonene  1.447 0.609 0.559 
12 1.979 2-Cyclopentent-1-one,2,3-
dimethyl 
0.917    
13 2.29 2-Propen-1-amine,N,N-
bis(1-methylethtyl) 
4.257 3.137   





4.337   





Table A - 15 continued 





1.909    
19 3.083 Phenol,2,3-dimethyl 1.528    
20 3.163 2,2,6,6-Tetramethyl-4-
piperidone 
1.061    
21 3.259 Phenol,4-ethyl 1.150    
22 3.289 Phenol,3,4-dimethyl 1.120    
23 3.349 3-Dodecene  1.147 Present Present C12H24 




1.147    
26 4.297 Indole 1.685 Present   
27 4.649 1,3-Cyclopentadione,2,2-
dimethyl 
1.245    
28 4.794 2-Methyl-5-
hydroxybenzofuran 
1.129    




1.033    
31 5.446 4-Formyl-3,5-dimethyl-1H-
pyrrol-2-carbonitrile 
1.048    





Table A - 15 continued 
33 6.349 Naphthalene,1,4,6-
trimethyl 
2.530 0.784 0.248  
34 6.726 1-Hexadecene  1.071 1.351 1.707 C16H32 
35 6.786 Hexadecane  0.475 1.011 0.410 C16H34 
36 7.293 8-Heptadecene  0.544 1.057 0.478 C18H36 
37 7.478 Heptadecane  1.678 3.176 1.513 C18H38 
38 9.796 n-Hexadecanoic acid 0.478 2.426 2.806 4.165 C16H32O2 
39 10.805 Oleanitrile  Present 0.881  
40 11.056 Heptadecanenitrile  0.984 2.178  C17H33N 
41 11.623 Oleic acid 2.636 30.908 33.57
1 
30.809 C18H34O2 
42 11.869 9-Octadecenoic acid 0.751 2.919   C18H34O2 
43 12.506 Octadecanoic acid 2.334 13.730 19.60
3 
27.899 C18H36O2 
44 12.927 Octadecanoic acid, 2-
propenylester 
 1.087 0.884  C21H40O2 
45 14.387 Octadecanamide  1.002   C18H37NO 
46 16.058 9-Hexaconese   0.180 1.710 C26H52 
47 19.901 12-Oleanen-3-ylacetate  4.308 1.916 3.240 
48 19.972 9,19-Cyclolanost-24-en-3-
ol, acetate 
 2.062 1.033 1.559 
49 24.367 17-Pentatricontene   0.770 1.357 C35H70 
50 24.487 18-Pentatriacontanone   0.805 1.784 C35H70O 











Figure A - 11: GC/MS chromatograms of shea samples (triglyceride method) 
  
B – Shea nut 
C – Crude Sc 
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Annexe 8: Superposing GC/MS chromatograms of rapid 
pyrolysis oils 
The superpositioning of the GC/MS chromatograms of each sample series (cashew, 
jatropha and shea) of rapid pyrolysis experiments is subject of this Annexe. 
Superpositioning serves to identify whether there are compounds, which might be 
identified as interaction products of the solid matrix and the extractives. These 
compounds would result in peaks only for the chromatograms of pyrolysis oils from 
biomass samples, which contain both solid matrix and extractable material, i.e. CNS 
and crude CNSc as well as jatropha or shea nut and Jc or Sc. 
One can see from Figure A - 12 that no significant peak occurs for pyrolysis oil from 
CNS and crude CNSc that does not occur for pyrolysis oil from CNSL or de-oiled 
CNSc. All the chromatograms do resemble each other. The only difference is the 
intensity of the peaks, which is linked to the relative distribution of macromolecules 
and extractives in the parental biomass. 
 
Figure A - 12: GC/MS chromatograms of cashew pyrolysis oil samples (blue: de-
oiled CNSc; black: crude CNSc; red: CNS; green: pyrolysed CNSL) 
 
Figure A - 13 and Figure A - 14 show the superposed chromatograms of the pyrolysis 
oils of the jatropha and shea series respectively. In contrast to the cashew series, 
some rare peaks can be seen which occur exclusively in the chromatograms from 
nuts or crude cakes.  
For jatropha (Figure A - 13) the most evident peaks seen from simple superposition 
correspond to 1 - 3-Penten-2-one,4-methyl; 2 - 4-Piperidinone,2,2,6,6-tetramethyl; 3 
– Pentadecanenitrile; 4 – Oleanitrile; 5 – Hexadecanamide; 6 - 9-Octadecenamide. 
For shea (Figure A - 14) the most evident correspond to 1 – Nonadecanenitrile; 2 - 9-







Figure A - 13: GC/MS chromatograms of jatropha pyrolysis oil samples (black: 
jatropha oil; blue: jatropha nut; red: crude Jc; green: de-oiled Jc) 
 
Figure A - 14: GC/MS chromatograms of shea pyrolysis oil samples (black: shea 
butter; green: shea nut; blue: crude Sc; red: de-oiled Sc) 
  









Annexe 9: Semi-quantitative estimation of non-
quantifiable pyrolysis oil compounds 
As area percentages are relatively inaccurate to describe the composition of 
pyrolysis oils, the method described in this Annexe was used to quantify the 
concentrations of main peaks of non-quantified compounds in a semi-quantitative 
manner. 
 
Therefore, the calibration curves (obtained with concentrations of 10, 20, 50, 100, 
200 mg/l) of six representative pyrolysis oil compounds were used to quantify 
concentrations of additional peaks in six different retention time spans (Table A - 16). 
 
Table A - 16: Parameters of calibration curves of 6 representative compounds 
Reference molecule RT [min] Applied for RT span a b 
Pyridine-2-methyl 13.4 0-->20 5.90E-02 -1,26E-02
2-furancarboxaldhyde 23.95 20-->30 5.74E-02 -3.10E-01
Phenol-2-methoxy-4-methyl 34.8 30-->40 9.00E-02 -3.46E-01
Phenol-2,6-dimethoxy 43.3 40-->50 9.71E-02 -9.53E-01
Alpha-Napthol 53.4 50-->60 1.91E-01 -1.12E+00
Fluoranthene 67.95 60--> ∞ 2.41E-01 -1.08E+00
 
The absolute area of a compound peak put in relation to the absolute area of an 
internal standard peak equals the concentration of this compound divided through the 
concentration of the internal standard multiplied by the slope ‘a’ completed by the 




ࢄࡵࡿ ∗ ࢇ ൅ ࢈       Equation A - 20 
 
with ܣ௖௢௠௣. = absolute area of a peak in the chromatogram, ܣூௌ = absolute area of the 
peak of the internal standard, ܺ௖௢௠௣. = the concentration of the compound concerning 
the peak in [mg/l], ூܺௌ = the concentration of the internal standard (= 1 mg/l). 
Applying this equation with the values given in Table A - 16 one can calculate (semi-
quantitatively) the concentration of a compound. Thus, by applying this formula one 
can calculate the concentrations of the new compounds in the pyrolysis oils. 
 
With this semi-quantitative method mass yields of major peaks with an area 
percentage superior to 1% which are not comprised within the 65 calibrated 
compounds were calculated. Table A - 17 compares the overall yield of liquid organic 
( ௣ܻି௢௜௟	ሺௗ௥௬ሻ), the sum of the yields of 65 quantifiable compounds and the sum of 
calculated yields of non-quantifiable compounds. If this semi-quantitative method 
would work well the sum of line two and three would be close to the value in line one. 
Theoretically, with increasing extractive content and thus a lower probability that the 
original biomass sample decomposes to compounds of lignocellulosic origin the 
semi-quantitatively calculated yield of non-quantifiable compounds should increase. 
However, this awaited trend cannot be observed and it is not possible to close the 





The calculated value for crude Sc is significantly higher compared to the others and 
even exceeds the yield of dry pyrolysis oil. This sample was recovered with an 
amount of acetone significantly higher than for de-oiled Sc but also for de-oiled and 
crude Jc. The sample was hardly soluble which certainly renders the semi-
quantitative results wrong. 
 
Table A - 17: Sum of calculated yields of non-quantifiable compounds [wt%] 
 
Sample 
































Annexe 10: Theoretical background of fluidised beds and 
determination of min. fluidisation velocities 
The operational problems during flash pyrolysis experiments in the fluidised bed are 
likely probable linked to the special characteristics of the biomass samples applied in 
this study. The biomasses are not only sticky which apparently accelerate char 
agglomeration in the reactor but have also higher densities compared to wood. This 
Annexe present firstly the theoretical background on fluidisation in order to secondly 
explain the phenomena observed during fluidisation experiments. The theory also 
serves to evaluate the observed behaviour, namely char accumulation in the reactor. 
 
In a fluidized bed an upstream flowing gas (or liquid) with a velocity ݑ and a volume 
flow 	 ሶܸ  penetrates an initially packed bed of solid particles in a manner that those are 
aerated and carried to form a layer, which shows fluid like behaviour. 
If the fluid passes the fixed bed which is laying on a support (permeable only for the 
fluid) with low velocity it moves only through the voids without changing packaging 
structure. The bed has the porosity ߝ௙௜௫ and the height ݄௙௜௫. The bed imposes a 
resistance to the flowing liquid which can be described by the pressure loss of the 
fixed bed, ∆݌௙௜௫. 
Further increasing of the fluid throughput leads to a state where all particles are 
suspended in the fluid without permanent contact. The bed porosity is ߝ௙௕, bed height 
is ݄௙௕. The resistance of the fluidised bed to the flowing fluid is described by the 
pressure loss, ∆݌௙௕. 
The fluid velocity of the empty tube where the particles state just changes from ‘fixed’ 
to ‘fluidised’ is called the minimal fluidisation velocity ݑ௠௙. The fluid throughput is 
called minimal fluidisation throughput ሶܸ௠௙. Bed porosity is ߝ௠௙, bed height is ݄௠௙. 
Minimal fluidisation is reached at the very precise moment when pressure loss of the 
fixed bed equals the pressure loss of the fluidised bed, i.e. the transition [100, 101]. 
∆࢖ࢌ࢏࢞ ൌ ∆࢖ࢌ࢈         Equation A - 21 
 
Thus, it is necessary to describe the pressure losses of the fixed (0) and the fluidised 
bed (10.2). According to Equation A - 21 the minimum fluidisation velocity can be 
mathematically determined (10.3).  
Important for fluidised beds where char particles should be entrained with the gas 
stream is the entrainment velocity. It can be determined by the application of 
dimensionless numbers (10.4). 
As the theoretical description of fluidised beds is rather complex often the minimum 
fluidisation velocity is determined experimentally. The basics for such experiments 
are given in 10.5. 
Finally, this Annexe presents the experimental results of different fluidisation tests, 
compares them to the experimental results, and evaluates char entrainment 





10.1 Determination of pressure loss in fixed beds 
The Darcy law explains the basic of flow in porous media. It describes the empirical 
relationship of the resistance of a not specifically described porous matrix of solid 
particles against flow of an incompressible fluid under laminar flow. The resistance is 
characterised by the fluid viscosity and the solid matrix permeability (determined 
experimentally) [102]: 
∆࢖ࢌ࢏࢞ ൌ 	 ࢎࢌ࢏࢞࡮ ∗ ࣁ ∗ ࢛        Equation A - 22 
   With: ݄௙௜௫ ... Height of the solid matrix/fixed bed [m] 
    ߟ ...  Dynamic viscosity of the fluid [kg/(m*s)] 
    ݑ ...  Flow velocity [m/s] 
  ܤ ...  Permeability [m2] (comprising particle diameter, inter 
particle void = porosity) 
 
For a fixed bed the Hagen-Poisseuille law initially describing laminar flow (Re < 2300) 
in straight tubes can be used by applying a row of assumptions [100, 103]: 
‐ The diameter is a hydraulic diameter, i.e. the ratio of the through flown area 
and the wetted circumstance of a given tube cross section 
‐ flow channels in the particle bed are idealised as small tubes 
‐ The volume flows through the empty tube and the fixed bed are equal 
‐ The inner surface of the porous media and the flow channels are equal 
‐ The porosity ߝ of the porous media is equal to the flow channels 
 
From this considerations results the Kozeny-Carman relation: 
∆࢖ࢌ࢏࢞ ൌ ࢑ࡷ ∗ ࡿࢂ૛ ∗ ሺ૚ିࢿሻ
૛
ࢿ૜ ∗ ࣁ ∗ ࢛      Equation A - 23 
With: ݇௄ ... Kozeny constant (comprising tortuosity of flow channels) 
   ܵ௏  ...  Volume specific surface of a particle bed [1/m] 
   ߝ … Porosity of particle bed [-] 
 
The volume specific surface of a particle bed is the ratio of the overall surface of the 
solid particles and their volume: 




ࢂࡼ   Equation A - 24 
With: ܣ௉ ...  Surface of the particle bed [m2] 
   ௉ܸ ...  Volume of the particles in the particle bed [m3] 
 
For sphere it would be: 
ࡿࢂ,ࡿ࢖ࢎ ൌ ࡭ࡿࢂࡿ ൌ
ࢊࡿ࢖ࢎ૛ ∗࣊
ቀࢊࡿ࢖ࢎ૜ ∗࣊ቁ/૟
ൌ ૟ࢊࡿ࢖ࢎ      Equation A - 25 
  With: ܵ௏,ௌ௣௛ ... Volume specific surface of a sphere [m2 /m3 = 1/m] 
   ܣௌ௣௛ ... Surface of a sphere [m2] 
   ௌܸ௣௛ ... Volume of a sphere [m3] 





The porosity ߝ describing the void fraction in the fixed bed (dependent on particle 
size/distribution, particle form) is to determine experimentally or can be estimated: 
ࢿ ൌ ࢂࢌ࢏࢞ିࢂࡼࢂࢌ࢏࢞ ൌ ૚ െ
ࢂࡼ
ࢂࢌ࢏࢞ ൌ ૚ െ
࢓ࡼ/࣋ࡼ
ሺ࢓ࡼା࢓ࢍሻ/࣋ࢌ࢏࢞ ൎ ૚ െ
࣋ࢌ࢏࢞
࣋ࡼ ; 	ሺ࣋ࡼ 	≫ ࣋ࡳሻ Equation A - 26 
   With: ௙ܸ௜௫ ... Volume of the fixed bed [m3] 
   ݉௉ ... Mass of the solid particles [kg] 
   ݉௚ ... Mass of gas in fixed bed [kg] 
   ߩ௉ ...  Density of the particles [kg/m3] 
   ߩ௙௜௫ ... Density of the fixed bed [kg/m3] 
   ߩீ ... Density of the gas [kg/m3] 
 
As the particle bed reduces the diameter of the tube available to fluid flow from Re > 
1 [100, 103] (empty tube) turbulent flow occurs in the flow channels. The Kozeny-
Carman equation must, therefore, be completed with a term for turbulent flow. What 
results is known as the Ergun equation: 
∆࢖ࢌ࢏࢞ ൌ ࢑૚ ∗ ሺ૚ିࢿሻ
૛
ࢿ૜ ∗ ࣁ ∗ ࡿࢂ૛ ∗ ࢎࢌ࢏࢞ ∗ ࢛ ൅ ࢑૛ ∗
૚ିࢿ
ࢿ૜ ∗ ࣋ࡳ ∗ ࡿࢂ ∗ ࢎࢌ࢏࢞ ∗ ࢛૛ Equation A - 27 
   With: ݇ଵ,ଶ ... Empirical constants [-] 
 
Where ݇ଵ and ݇ଶ contain non-modelisable influences on flow resistance and must be 
determined experimentally. For a fixed bed of equivalent spheres, Ergun obtained: 





∗ ࢎࢌ࢏࢞ ∗ ࢛ ൅ ૚. ૠ૞ ૚ିࢿࢿ૜ ∗
࣋ࡳ
ࢊࡿ࢖ࢎ ∗ ࢎࢌ࢏࢞ ∗ ࢛
૛ Equation A - 28 
 
 
10.2 Determination of pressure loss in fluidised beds 
The pressure loss of fluidised particles can be determined by the equilibrium of 
flowing force and weight and impetus.  
∆࢖ࢌ࢈ ∗ ࡭ࢌ࢈ ൌ ࢓ࡼ ∗ ࢍ െ ࢓ࡼ࣋ࡼ ∗ ࣋ࡳ ∗ ࢍ ≡ ࢓ࡼ ∗ ࢍ ቀ૚ െ
࣋ࡳ
࣋ࡼቁ   Equation A - 29 




࡭ࢌ࢈ ∗ ࢍ ∗ ቀ૚ െ
࣋ࡳ
࣋ࡼቁ    Equation A - 30 
   With: ܣ௙௕ ...  Cross section of the fluidised bed [m2] 
 
With ௉ܸ ൌ ௙ܸ௕ ∗ ሺ1 െ ߝ௙௕ሻ and ܣ௙௕ ൌ ௙ܸ௕/݄௙௕ the former equation becomes [100]: 
∆࢖ࢌ࢈ ൌ ࢎࢌ࢈ ∗ ሺ࣋ࡼ െ ࣋ࡳሻ ∗ 	൫૚ െ ࢿࢌ࢈൯ ∗ ࢍ     Equation A - 31 
 
 
10.3 Determination of the minimum fluidisation velocity 
According to Equation A - 21 the pressure losses of a fixed bed and a fluidised bed 
are equal at minimum fluidisation velocity: 
૚૞૙ቀ૚ െ ࢿ ࢓ࢌቁ
૛
ࢿ ࢓ࢌ૜
∗ ࣁࢊࡿ࢖ࢎ૛ ∗ ࢎ࢓ࢌ ∗ ࢛࢓ࢌ ൅ ૚. ૠ૞
൫૚ െ ࢿ࢓ࢌ൯
ࢿ࢓ࢌ૜






       ൌ ࢎ࢓ࢌ ∗ ሺ࣋ࡼ െ ࣋ࡳሻ ∗ 			 ൫૚ െ ࢿ࢓ࢌ൯ ∗ ࢍ	 
With ߥ ൌ ߟ/ߩீ for the kinematic fluid viscosity the here before formula becomes the 
determination formula for the minimum fluidisation velocity: 
 ࢛࢓ࢌ૛ ൅ ૚૞૙૚.ૠ૞ ∗ ൫૚ െ ࢿ࢓ࢌ൯ ∗
ࣇ
ࢊࡿ࢖ࢎ ∗ ࢛࢓ࢌ െ
ሺ࣋ࡼି࣋ࡳሻ
૚.ૠ૞∗࣋ࡳ∗ࢊࡿ࢖ࢎ ∗ ࢍ ∗ ࢿ࢓ࢌ
૜ ൌ ૙ 
 
Whose solution is: 
࢛࢓ࢌ ൌ ඨ൤૝૛. ૡ૞ૠ ∗ ൫૚ െ ࢿ࢓ࢌ൯ ∗ ࣇࢊࡿ࢖ࢎ൨
૛
൅ ሺ࣋ࡼି࣋ࡳሻ૚.ૠ૞∗࣋ࡳ ∗ ࢍ ∗ ࢿ࢓ࢌ
૜ ∗ ࢊࡿ࢖ࢎ െ ૝૛. ૡ૞ૠ ∗
																																																	൫૚ െ ࢿ࢓ࢌ൯ ∗ ࣇࢊࡿ࢖ࢎ     Equation A - 32 
 
For fluidised beds of heterogeneous particles, the porosity and the actual diameter 
are not known. The porosity ߝ௠௙ can be estimated by the relation of Wen and Yu 
[100, 101]: 
૚ିࢿ࢓ࢌ
ࢿ࢓ࢌ૜ ൌ ૚૚ ∗ ࣒
૛        Equation A - 33 
With: ߰ ... Sphericity 
 
The sphericity is the ratio of the surfaces of a volume-equivalent sphere and a 
particle and describes to what extent a particle is sphere like: 
࣒ ൌ ࡭ࡿ࢖ࢎ࡭ࡼ 									࢝ࢎࢋ࢘ࢋ	ࢂࡿ࢖ࢎ ൌ ࢂࡼ      Equation A - 34 
 
The diameter of the sphere ݀ௌ௣௛ in Equation A - 32 has to be replaced by a diameter 
representative for the particles in the bed. The Sauter-diameter is used for 
polydispers systems [104]. For quasi mono-disperse particles (e.g. sand) the 
diameter of a particle surface equivalent sphere can be used. 
ࢊࡼ,ࡿ ൌ ૟ ∗ ࢂࡼ࡭ࡼ         Equation A - 35 
 
From the here before considerations it is obvious that the exact determination of the 
minimum fluidisation velocity of a particle system is rather complex and demands 
high efforts in characterising the bed material (density, form factor, surface, volume 
etc.). Therefore, approximate relations were introduces applying dimensionless 
numbers, namely the Reynolds and the Archimedes number, in order to grossly 
estimate it. 
The particle Reynolds-number describes the ratio of the inert force of the particle and 
viscosity of the flowing fluid: 
ࡾࢋࡼ,ࢂ ൌ ࢛∗ࢊࡼ,ࢂࣇ         Equation A - 36 
 
݀௉,௏ is the diameter of a particle volume equivalent sphere ݀௉,௏: 
ࢊࡼ,ࢂ ൌ ට૟∗ࢂࡼ࣊






The minimum fluidisation velocity follows from the definition of the Reynolds number: 
࢛࢓ࢌ ൌ ࡾࢋ࢓ࢌ;ࡼ,ࢂ∗ࣇࢊࡼ,ࢂ         Equation A - 38 
 
The minimum fluidisation Re-number ܴ݁௠௙ can be estimated in a semi-empirical way 
according to the following equations [100]: 
‐ For particles with ݀௉,௏< 0.5 mm 
ࡾࢋ࢓ࢌ;ࡼ,ࢂ ൌ ඥ૜૜. ૠ૛ ൅ ૙. ૙૝૙ૡ ∗ ࡭࢘ࢂ െ ૜૜. ૠ    Equation A - 39 
 
For particles with ݀௉,௏> 0.8 mm 
ࡾࢋ࢓ࢌ;ࡼ,ࢂ ൌ ඥ૛ૡ. ૠ૛ ൅ ૙. ૙૝ૢ૝ ∗ ࡭࢘ࢂ െ ૛ૡ. ૠ    Equation A - 40 
 
The Archimedes number ܣݎ௏ in the equations before describes the ratio of the 





࣋ࢍ         Equation A - 41 
 
The minimum fluidisation velocity (Equations A – 32 or 38) can be transformed into a 
minimum volume flow ሶܸ௠௙ [m3/h]: 
ࢂሶ ࢓ࢌ ൌ ࢛࢓ࢌ ∗ ࡭        Equation A - 42 
With: ܣ ... Cross section of reactor [݉ଶ ] 
 
For comparison reasons, the minimum volume flow ሶܸ௠௙ is further transformed to a 
volume flow under norm conditions ሶܸ௠௙,ே: 
ࢂሶ ࢓ࢌ,ࡺ ൌ 	 ࢀࡺ∗ࢂሶ ࢓ࢌࢀࢋ࢞࢖.         Equation A - 43 
 
 
10.4 Entrainment velocity 
Concerning flow velocity the upper limit of a fluidised bed is reached when particles 
are entrained with the gas flow. Gas velocities and volume flows are high compared 
to ݑ௠௙. The entrainment velocity ݑ௘ of a flowing gas is of special interest in flash 
pyrolysis applications where the char particles (but not the sand particles) have to be 
entrained and carried over from the reactor to the cyclones. The entrainment velocity 
ݑ௘ for a bulk of particles can be approximately determined by: 
࢛ࢋ ൌ ࡾࢋࢋ∗ࣇࢊࡼ,ࡿ          Equation A - 44 
 
In this relation the entrainment Reynolds number ܴ݁௘ is: 






The Archimedes number is calculated according to Equation A - 41 by replacing ݀௉,௏ 
with ݀௉,ௌ. The relation between ݀௉,ௌ and ݀௉,௏ is: 
ࢊࡼ,ࡿ ൌ ࣒ ∗ ࢊࡼ,ࢂ        Equation A - 46 
 
 
10.5 Basics for experimental determination of ࢛࢓ࢌ 
For fixed and fluidised beds penetrated by a gas lying on a support total pressure 
drop ∆݌ is the sum of the pressure drops caused by the support and the bed: 
∆࢖ ൌ 	∆࢖࢙ ൅ ∆࢖ࢌ࢏࢞/ࢌ࢈       Equation A - 47 
  With: ∆݌௦ … Pressure drop of support 
 
The support pressure drop depends on its configuration. However, for a given 
support configuration and geometry the pressure drop increases with the velocity of 
the flowing gas. Simultaneous measurement of pressure drop and empty tube 
(reactor) fluid velocity leads to the fluidised bed characteristic. This characteristic can 
be used to experimentally determine ݑ௠௙. At onset fluidisation, a characteristic kink 
occurs in the pressure drop/velocity profile (Figure A - 15). 
 
Figure A - 15: Example for experimental pressure loss determination and 
typical pressure loss/gas velocity profile (adapted from [104]) 
 
 
10.6 Fluidisation experiments 
Fluidisation experiments were carried out using a 1:1 Plexiglas model of the flash 
pyrolysis reactor (Figure A - 16). Aims were: 
‐ to experimentally determine the minimum fluidisation velocity  
o for sand beds with different particle size distributions 
o with different bed heights 
o and mixtures with char and biomass 
‐ to compare the experimentally determined minimum fluidisation velocities with 





‐ to visually describe the fluidised bed (formation/coalescence of bubbles) 
Experiments were carried out with pressurised air instead of nitrogen, which is used 
in flash pyrolysis. However, dry air is composed of 79% nitrogen and 21% oxygen. 
Thus, it can be assumed that behaviour of air is comparable to pure nitrogen. 
 
As the model reactor was open to atmosphere, atmospheric pressure was assumed 
to be present inside the reactor. A U-tube manometer filled with water was used to 
determine the over pressure (݌௢௩௘௥). To transform the over pressure measured in 
݉݉ுమை into mbar the following equation was applied: 
࢖࢕࢜ࢋ࢘ ൌ ࣋ࡴ૛ࡻ∗ࢍ∗ࡴ૚૙૙૙࢓࢓࢓ ∗૚૙૚.૜૛૞ ࢑ࢍ࢓∗࢙૛∗࢓࢈ࢇ࢘
      Equation A - 48 
   With: ߩுమை ... Density of water in the U-tube (= 1000 kg/m3) 
    ݃ ... Gravitational acceleration (= 9.81 m/s2) 
   ܪ ...  Water column in the U-tube [mm] 
 
 
Figure A - 16: Schema of the model reactor applied for fluidisation experiments 
 
The pressurised air was introduced into the model reactor by a pressure reducer. 
The reference dimension of the air flow is ݉ேଷ /݄. The air flow was increased (and 
decreased) in increments of 0.5 ݉ேଷ /݄. This must be transformed to conditions under 
which the experiments were carried out: 
ࢂሶ ൌ ࢀ∗࢖૙∗ࢂሶ ࡺࢀࡺ∗࢖࢙࢚          Equation A - 49 
With: ܶ... Absolute temperature of experimentation [K] 
   ݌଴ ... Atmospheric pressure (=1013.25 mbar) 
   ேܶ ...  Norm temperature (=273.15 K) 
   ݌௦௧ ...  Static pressure [mbar] 





The static pressure ݌௦௧ is the sum of the atmospheric pressure (݌଴) and the measured 
over pressure: 
࢖࢙࢚ ൌ ࢖૙ ൅ ࢖࢕࢜ࢋ࢘        Equation A - 50 
 
The velocity of air ݑ thus is equal to: 
࢛ ൌ ࢂሶ࡭∗૜૟૙૙∗	࢙ࢎ         Equation A - 51 
With: ሶܸ  ... Volume flow of gas at experimentation conditions [݉ଷ /݄] 
 
 
10.6.1 Pressure loss of the fluidised bed support 
To be capable to determine the minimum fluidisation velocity of the sand bed it is 
necessary to determine the pressure loss of the support of the bed material only 
(Figure A - 16) i.e. without fluidising material. The fluidised bed support applied in this 
thesis was a sintered disc of heat resistant alloy (Inconel 600, Ni72/Cr16/Fe8).  
The gas flow velocity/pressure drop profile of the sintered disc under experimental 
conditions is shown in Figure A - 17. The pressure drop of the sintered disc is linearly 
increasing with increasing gas velocity. Thus, it can be considered as a fixed bed 
with laminar flow according to Equation A – 22 or Equation A – 23. 
 
 
Figure A - 17: Gas flow velocity/pressure drop profile of the sintered disc 
 
 
10.6.2 Determining the minimum fluidisation velocity 
10.6.2.1 Experimental ݑ௠௙ሺ݁ݔ݌. ሻ 
The determination of ݑ௠௙ሺ݁ݔ݌. ሻ was carried out as described before. For the 
example presented in Figure A - 18 the bed material parameters of wood pyrolysis 






























Figure A - 18: Experimental determination of the minimal fluidisation velocity of 
sand (1.5kg; 600-710µm) 
 
By increasing gas flow velocity the pressure loss of an initially fixed bed is generally 
higher compared to the decreasing gas flow and reaches a maximum. The reason for 
this phenomenon is bed densification due to its proper weight [105]. Therefore 
ݑ௠௙ሺ݁ݔ݌. ሻ should be determined by decreasing gas velocities coming from the 
fluidised state of the bed [104]. In Figure A - 18 the kink (as described above, Figure 
A - 15) in the in the pressure drop/gas flow velocity dependency for the bed and the 
support (sintered disc) is not evidently visible. However, by subtracting the pressure 
drop caused by the disc the constant pressure drop typical for fluidised beds can be 
identified. The experimental minimum fluidising velocity for the presented example is 
ݑ	௠௙ሺ݁ݔ݌. ሻ ൌ 0.4	݉/ݏ corresponding to ሶܸ௠௙,௘௫௣. ൌ 	7.2	݉ଷ/݄ and ሶܸ௠௙,ே ൌ 6.7݉ேଷ /݄	 
 
 
10.6.2.2 Theoretical ݑ	௠௙ሺݐ݄. ሻ 
As described above, several possibilities exist to theoretically estimate the minimum 
fluidisation velocity. If the sphericity of the bed material is known (or estimated based 
on experiences) the semi-empirical Ergun-equation (Equation A - 32) can be applied. 
For rounded off sand the sphericity is about 0.86 [104]. By iteration (Equation A  -33) 
one obtains for the minimum fluidisation porosity: 
 ߝ௠௙ ൌ 0.415 
 
The other dimensions of Equation A - 32, i.e. gas properties, are temperature 
dependent and were applied at experimentation conditions (18°C; 101325 Pa): 
‐ ߥሺ18°ܥሻ = 15.06*10-6 m2/s 
‐ ߩீሺ18°Cሻ = 1.213 kg/m3 






















Pressure drop of 





For reasons of simplicity the sand bed material is supposed to be mono-disperse. 
The mean diameter is: 
‐ ݀௉തതത ൌ ݀௉,ௌ ൌ ݀௉,௏ ൌ ሺ600 ൅ 710ሻμ݉ ൌ 6.55 ∗ 10ିସ	݉ 
Therewith the theoretical minimum fluidisation velocity is (Equation A - 32): 
 ݑ	௠௙ሺݐ݄. ሻ ൌ 0.38݉/ݏ 
 
Table A - 18: Comparison of experimental and theoretical minimum fluidisation 
velocities 
 
This result is in rather good agreement with the experimental result. For comparison 
reasons, the methodology of dimensionless numbers is applied as well (Equation A – 
36 to Equation A - 40). Results are gathered in Table A - 18. From the relative errors 
of the theoretical values to the experimental value one can see that the Ergun-type 
equation describes quite well the reality for the presented case. The Re/Ar relation 
valid for particles smaller than 0.5 mm results in an error close to 30%. In contrast, 
the Re/Ar relation for particles superior to 0.8 mm describes best the real minimum 
fluidisation velocity and volume flow. 
 
 
10.6.2.3 Varying bed parameters 
During flash pyrolysis experimentation applying non-lignocellulosic biomasses char 
accumulated in the reactor. The higher apparent density as well as their less 
spherical shape might be reason for this. Thus, it was decided to increase the particle 
size of the sand bed material, which allows increasing the gas flow velocity. 
Therefore, fluidisation experiments were carried out with different particle size 
distributions and bed heights in order to experimentally determine minimum 
fluidisation velocity and gas flow and to visually describe the occurring phenomena. 
On the one hand, 1.5 kg of sand were introduced into the reactor model, which is 
equivalent to the reference conditions for the wood flash pyrolysis experiments. On 
the other hand, a sand mass was chosen which results in a fixed bed slightly inferior 
to the entry of the feed screw. 
Table A - 19 gathers the experimentation results and compares them to theoretical 
values. From the experimental results it is evident that the bed mass does not 
influence ݑ௠௙ and ሶܸ௠௙,ே, which is in agreement with theory. Only the density and the 
diameter of the solid particles are important for fluidisation. The experimentally 
determined values are in rather good agreement with the theoretical results. 
 Experimental Equation A - 32 Equation A - 39 Equation A - 40 
for   ݀௉തതത< 0.5 mm ݀௉തതത> 0.8 mm 
ArV=ArS -- -- 26515 
ReV=ReS -- -- 13.4 17.5 
࢛࢓ࢌ [m/s] 0.4 0.38 0.31 0.40 
ࢂሶ ࢓ࢌ	ሾ࢓૜/ࢎሿ 7.2 6.8 5.6 7.3 
ࢂሶ ࢓ࢌ,ࡺ	ሾ࢓ࡺ૜ /ࢎሿ 6.8 6.4 5.2 6.8 





In a general manner for 1.5 kg bed mass, it has been observed that bubbles formed 
achieving the diameter of the reactor. The bubbles formed pistons, which resulted in 
an inhomogeneous fluidisation. For the reduced bed height, bubble formation was 
less strong. The ascending bubbles do not have sufficiently time to coalescent. This 
is in agreement with general observations [106, 107]. At flow velocities superior to 
minimum fluidisation only a part of the fluidising gas passes the voids of the particle 
bed. The rest passes the bed as gas bubbles [105]. 
 
Table A - 19: Determination of ݑ௠௙ and ሶܸ௠௙,ே for different bed configurations 
 600-710µm 710-800 µm >800µm 
 Exp. Equ.  
A - 34 
Equ. 
 A - 42 
Exp. Equ.  
A - 34 
Equ. 
 A - 42 
Exp. Equ.  
A - 34 
Equ. 
 A - 42 
Sand mass [kg] 1.5 0.65  1.5 0.65  1.5 0.65  
Bed height [cm] 17.5 7.5  17.5 7.5  17.5 7.5  
ࢊࡼതതതത	ሾμ࢓ሿ -- 655 -- 755 -- -- 800 
Ar --  26515 -- -- 40607 -- -- -- 49737 
Re --  17.5 -- -- 24.5 -- -- -- 28.6 
࢛࢓ࢌ [m/s] 0.4 0.39 0.38 0.4 0.46 0.46 0.46 0.49 0.47 0.47 0.49 0.53 
ࢂሶ ࢓ࢌ	ሾ࢓૜/ࢎሿ 7.2 7.1 6.8 7.3 8.3 8.3 8.3 8.8 8.5 8.5 8.9 9.5 
ࢂሶ ࢓ࢌ,ࡺ	ሾ࢓ࡺ૜ /ࢎሿ 6.8 6.8 6.4 6.8 7.8 8.0 7.7 8.3 8.1 8.1 8.4 9.1 
 
In order to describe visually the behaviour of the fluidised bed, further fluidisation 
experiments were carried out with mixtures of sand and biomass samples and wood 
char respectively. Observations are gathered in Table A - 20. Gas flows superior to 
minimum fluidisation of sand were applied. 
The fluidisation generally resulted in a more or less rapid separation of biomass/char 
from sand. Due to the higher density differences from char to sand compared to 
biomass to sand this separation was faster for char. The formation or the 
coalescence of bubbles was less intense for wood and wood char compared to 
jatropha cake. The form of jatropha cake resembles the form of the sand and the 
particle size distribution is compared closer to wood and wood char. Thus, the 
jatropha cake behaved more like the sand while wood and wood char have 
completely different hydrodynamic behaviours. 
 
Table A - 20: Observations from fluidisation experiments 
 Sand + wood Sand + Jatropha cake Sand + wood char 
Particle size [µm] 600-710 500-2000 710-800 500-800 600-710 500-2000 
Mass [kg] 1.5 0.075 1.5 0.16 1.5 0.16 
Gas flow ሾ࢓ࡺ૜ /ࢎሿ 9 8-9 5-7.5 Observations and 
interpretation 
- fluidisation not 
homogeneous (bubble 
formation) 
- Wood particles separate 
from sand and accumulate 
on the bed surface due to 
lower density (classifying 
fluidised bed) 
- fluidisation not homogeneous 
(bubble formation) 
- Jatropha cake accumulates on 
the surface 
- the higher the gas flow the 
larger the bubbles  pistons 
- presence of Jc does not 
influence flow regime like wood 
- rapid separation of char 
from sand 
- smallest char particles 
entrained 
- due to smaller density 
char is strongly bubbling 
at low gas flow when 







10.6.3 Theoretical calculation of ࢛࢓ࢌ, ࢂሶ ࢓ࢌ,ࡺ and ࢛ࢋ, ࢂሶ ࢋ,ࡺ for biomasses and char 
With the objective to better understand phenomena observed in the reactor in 
particular the char accumulation during flash pyrolysis experiments with cashew nut 
shell cake as well as with jatropha and shea cake the minimum fluidisation velocities 
of biomasses and respective chars are estimated for the conditions in the reactor: 
‐ ܶ ൌ 500°ܥ	ሺ ଶܰ, 500°ܥሻ 
‐ ߥ	ሺ ଶܰ, 500°ܥሻ ൌ 76.16	݉ଶ/ݏ 
‐ ߩ	ሺ ଶܰ, 500°ܥሻ ൌ 0.441	݇݃/݉ଷ 
 
The influence of over-pressure on the density of the fluidising gas in the reactor is 
negligible and therefore not taken into account here for reasons of simplicity. 
Results are gathered in Table A - 21. The apparent densities of the biomasses were 
determined experimentally by weighing the mass of a given volume of biomass 
sample. For rubber wood, a tropical hard wood, the apparent density is inferior to 
values reported for other woods [108]. For the cakes the found values are in 
agreement with literature [109, 110]. Air dry density of rubber wood was found in 
literature [111], for the cakes the values are estimations. By assuming that char 
particles have the same form and volume as the initial biomass the apparent and real 
densities of chars can be calculated with the help of the char yield: 
ߩ ሺ݄ܿܽݎሻ ൌ ߩ ሺܾ݅݋݉ܽݏݏሻ ∗ ௖ܻ௛௔௥      Equation A - 52 
 
This methodology is a simplification which does not take into account shrinkage of 
particles during pyrolysis [112, 113]. Mean char yields of 15 and 30% were chosen 
for wood and cakes respectively.  
Particular difficulty consists in estimating the characteristic diameters for ground and 
sieved biomass particles. Based on visual evaluation the following forms were 
chosen. For rubber wood, the particles are assumed to be cylinders with a diameter 
equal to the mean diameter of the applied mesh of the sieve and its threefold length. 
CNSc appeared to be flake like and thus might be described by a rectangular shape. 
Height is the smallest dimension, the length is assumed to be limited by the upper 
mesh and the width of the particles is the diagonal of the lower mesh. Jatropha and 
shea cake particles are powder like and are assumed cylinders where the height 
equals the diameter. 
It can be seen from Table A - 21 that form and density have significant influence on 
fluidisation velocity. While for rubber wood and CNSc particles the minimum 
fluidisation velocity is in the same order of magnitude as for the bed material (Table A 
- 19) for the oil-bearing fruit cakes it is considerable lower. Reason is the lower 
particle diameter of jatropha and shea cake compared to CNSc.  
The fluidisation velocity of chars is explicitly lower, compared to the parental 
biomasses, which results essentially from the lower density of the char particles. The 
most important values, which might serve as indicators to explain char accumulation 
in the reactor is the entrainment velocity and the ensuing volume flow. To entrain the 
bulk char from rubber wood an entrainment volume flow of 13.2 m3N/h is result of the 





2.4 m3N/h (reference conditions for wood). It must be taken into account that the 
phenomena in the fluidised bed are more complex. Bubbles formed in the fluidised 
bed ‘explode’ on the surface of the fluidised bed. This accelerates char particles, 
which naturally are situated, on the surface. By ‘catapulting’ char particles to the 
freeboard into the zone of the reducing cone where gas flow viscosity is higher finally 
char particles are entrained.  
The comparison of the different entrainment velocities of the chars from the different 
biomasses reveals that for CNSc char the value is twice as high compared to rubber 
wood char. For Jc and Sc the value is higher too but in a more moderate manner 
(+28%). Even though a row of simplifications and assumptions have been made 
(particle form and char density) it is obvious that entrainment of chars from extractive 
rich biomasses requires much higher gas flow velocities than for wood char. This 
explains that char accumulated in the reactor. 
 
Table A - 21: Theoretical determination of characteristic velocities and flow rates 










 wood char CNSc char Jc/Sc char 
࣋ࢇ࢖࢖ሾ࢑ࢍ/࢓૜ሿ 300 45 650 195 650 195 
࣋ࡼሾ࢑ࢍ/࢓૜ሿ 600 [111] 
90 1300 390 1300 390 
Sieving limits [µm] 500-2000 -- 1000-2000 -- 500-800 -- 
Mean diameter [µm] 1250 1250 1500 1500 650 650 
Proposed form Cylinder 
d = 1250µm 
h = 3750 µm 
Rectangular 
h = 500µm 
w = 1414µm 
l = 2000µm 
Cylinder 
d = 650µm 
h = 650 µm 
Particle volume [mm3] 4.6 1.4 0.2 
Particle surface [mm2] 17.2 9.1 0.66 
܌۾,܄[µm] (Equation A - 37) 2064 1393 744 
܌۾,܁[µm] (Equation A - 35) 1607 935 650 










ࢿ࢓ࢌሺEquation A - 33ሻ 0.4383 0.4735 0.4126 
࢛࢓ࢌ	ሾ࢓/࢙ሿ	ሺEquation A - 32ሻ	 0.386 0.066 0.40 0.13 0.13 0.04 
					ࢂሶ ࢓ࢌ,ࡺ	ሾ࢓ࡺ૜ /ࢎሿ	 2.47 0.42 2.57 0.83 0.80 0.24 
ArVሺEquation A - 41ሻ 20188 3016 13447 4031 2051 615 
ReVሺEquation A - 39ሻ 10.6 1.8 7.3 2.4 1.2 0.4 
					࢛࢓ࢌ,ࢂ	ሾ࢓/࢙ሿ	 0.39 0.066 0.40 0.13 0.13 0.04 
					ࢂሶ ࢓ࢌ,ࡺ	ሾ࢓ࡺ૜ /ࢎሿ	 2.49 0.42 2.57 0.8 0.8 0.24 
ReVሺEquation A - 40ሻ 14.0 2.5 9.9 3.3 1.7 0.5 
					࢛࢓ࢌ,ࢂ	ሾ࢓/࢙ሿ	 0.52 0.09 0.54 0.18 0.18 0.05 
					ࢂሶ ࢓ࢌ,ࡺ	ሾ࢓ࡺ૜ /ࢎሿ	 3.30 0.59 3.5 1.15 1.1 0.34 
En
tra
in ArS	ሺEquation A - 41 with	܌۾,܁ሻ	 9535 1424 4075 1222 1367 410 Ree	 112.8 43.6 73.7 40. 42.7 23.4 
					࢛ࢋ	ሾ࢓/࢙ሿ	 5.3 2.1 6.0 4.3 5.0 2.7 





Annexe 11: Reactor conditions of flash pyrolysis experiments 
This Annexe sums up the reactor conditions and parameters of the different flash pyrolysis experiments.  
 











*... difference to 100% is recovered from walls of the cyclone system 
 
  
Biomass Rubber wood Cashew Jatropha Shea 
Run reference R1 R2 C3 C4 C5 J1 J2 J3 S1 S2 
IsoparV Fresh Used Used Used Used Fresh Used Fresh Fresh Used 
Biomass parameters 
     State Crude Crude Crude Crude De-oiled/Dry Crude Crude De-oiled/dry De-oiled/Dry Crude 
ωୣ୶୲୰ୟୡ୲୧୴ୣୱ [wt%] 4.2 4.2 15.3 15.3 0.8 12.3 12.3 0.5 1.2 14.9     Particle size [mm] 0.2-1 0.5 - 2 1 - 2 1 - 2 1 - 2 0.5 – 0.8 0.5 – 0.8 0.5 – 0.8 0.5 – 0.8 0.5-1.0
Experiment parameters 
     Duration 4 h 00 2 h 30 5 h 01 4 h 41 4 h 11 5 h 00 6 h 30 6 h 00 5 h 30 7 h 00
m୆୑ [g] 1931 3000 1450 1354 1775 1363 1927 1969 1651 2162
Q୆୑ [g/h] 480 1200 290 290 420 270 300 330 300 310
Vሶ୒మ [mN3/h] 2 2.0-2.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
Sand bed 
     Particle size [mm] 0.6-0.71 0.6-0.71 0.71-0.8 <2  + 0.71 – 0.8 0.71-0.8 0.71-0.8 0.71-0.8 0.71-0.8 0.71-0.8 0.71-0.8
     Mass [g] 1500 1500 800 700 +          800 800 800 800 800 800 800
T4 [°C] 
     Min. 481 431 477 498 454 458 424 459 489 483
     Average  489 473 497 518 494 496 483 483 496 492





Annexe 12: Description of flash pyrolysis experiments 
The flash pyrolysis experiments were characterised by a row of different operational problems, which resulted in some modification 
in the periphery of the fluidised bed reactor. This Annexe sums up observations made during experimentation and give general 
comments, documents the modifications made from one run to another and gives some interpretations. 
 
Table A - 23: Description of flash pyrolysis experiments 
Run Observations and general comments  Modifications Interpretation 
R1 Experiment carried out under reference conditions for wood. -- Normal run.  
R2 No problems to mention. Carrier gas flow increase from 2.0 
over 2.2 to 2.4 m3N/h in order to 
assure proper fluidisations. The 
higher biomass input resulted in some 
irregularities in temperature profiles.  
Normal run. 
C3 No disturbances. 
Char accumulation in reactor. Agglomerates (Ø 2-3 cm). 
Feed screw now chilled with the 
circle from the cryostat. 
Cotton filter reinstalled in front of gas 
meter. 
Acceptable run. 
C5 No disturbances.  
Char accumulation in reactor. No or only very small agglomerates. No gas 
analysis due to software problem of µGC. 
Same conditions as for C3. Acceptable run. 
Extractives might be reason for agglomerates 
formation during runs with crude CNSc. 
J1 No disturbances concerning the reactor.  
Char accumulation in the reactor. Small agglomerates formed (fingertips). 
Plugging of the tubes in one the cold trap because of ice formation.  
-- Acceptable run. 
 
Mass balance negatively influenced. 
J2 No disturbances concerning the reactor. 
Char accumulation in reactor (large very hard agglomerates formed, Ø 5 cm). 
-- Acceptable run (mass balance representative). 
J3 No disturbances concerning the reactor. -- Acceptable run. 
S1 Electricity fail-out 25 minutes after beginning. Biomass in put stopped 
immediately. Restarting of measuring equipment and biomass in put after 8 
minutes. Glycol bath of cold traps not restarted. Temperature of chilling liquid 
at the end of test 2.5°C instead of -20°C. 
Sand bed (with accumulated char) and char in the cyclone still hot after 14 
hours.  Partial reaction with air, uncontrolled mass loss, and chill water 
sprinkled on surface to cool down. Wetted char bed dried with moderate 
airflow for several hours. 
--  
Negative influence on recovery of light 
condensables. 
 
Negative influence on mass closure. Char 






S2 No disturbances concerning the reactor. 
IsoparV very dark, pyrolysis oil/IsoparV interface impossible to detect. 
Formation of foam. Decantation occurred over long time (over 
weeks/months). 
Electrostatic precipitator and wall were covered with very viscous not flowing 
pyrolysis oil. 
Run started with particle size 
distribution of 500-800µm, after 2 







Annexe 13: Identification of flash pyrolysis oil molecules 
from GC/MS chromatograms 
This Annexe presents the chromatograms of the flash pyrolysis oils. Most important 
peaks are highlighted and corresponding molecules are gathered in respective 
tables. From Figure A - 19 and Table A - 24 one can see that pyrolysis oil 
compounds with low retention time in the MS column and thus relatively low 
molecular weight are higher concentrated in the pyrolysis oil from the de-oiled cake. 
In contrast CNSL or CNSL derived compounds (RT > 73 min) are higher 




Figure A - 19: GC/MS chromatograms of flash pyrolysis oils from crude and de-
oiled CNSc with highlighted main peaks 
 








1 8.8 Acetic acid 9.9 6.73 * 
2 0.3 2-Propanone,1-hydroxy 6.3 3.65 * 
3 14.2 1-Hydroxy-2-butanone 0.7 0.44 * 
4 17.0 2-Cyclopenten-1-one 1.89 1.26 * 
5 19.7 2-Furanmethanol 3.38 2.07 * 
6 28.4 1,2-Cyclopentanedione,3-methyl- 2.58 1.96 
 7 29.4 Phenol 4.42 2.62 * 
8 33.3 Phenol,4-methyl- 2.14 1.23 * 
9 33.4 Phenol,3-methyl- 0.76 0.54 * 
10 37.3 Phenol,4-ethyl- 2.03 1.17 










































Table A – 24 continued 
12 43.4 1,2-Benzenediol 4.94 2.82 
 13 74.7 Phenol, 3-pentadecyl 1.41 2.96 





15 78.0 Phenol,3-pentadecyl 7.91 21.7 See 13 
-- 78.2 Azulene, 1,2,3,5,6,7,8,8a-octahydro-1,4-
dimethyl-7-(1-methylethenyl)-, [1S-
(1,7α,8aα)] 
 2.18 See 17 
-- 78.4 Pregnan-20-one, 3-(acetyloxy)-, (3β,5β) 3.5 8.7 
 16 78.5 Bicyclo[5.3.0]decane, 2-methylene-5-(1-
methylvinyl)-8-methyl 
3.6 5.9 




 * ... quantified within the 65 common pyrolysis oil compounds; SM ... Solid matrix 
 
Pyrolysis oils from crude and de-oiled jatropha cake are shown in Figure A - 20. The 
molecules referring to the highlighted peaks are listed in Table A - 25. Although the 
MS-column is not adapted to vegetable oils and their pyrolysis products a major 
difference can be seen on the left hand side of the chromatograms, where long chain 
hydro-carbons are situated for the oil from crude cake. These are missing in the 
chromatogram form crude cake and are, therefore, attributed to vegetable oil 








Figure A - 20: GC/MS chromatograms of flash pyrolysis oils from crude and de-
oiled Jc 
 
Table A - 25: Main peaks of flash pyrolysis oils from jatropha cakes samples [area%] 
# RT [min] Name De-oiled Jc Crude Jc Formula 




 3 12.7 3-Penten-2-one, 4-
methyl- 
0.91 2.9 





5 19.6 2-Furanmethanol 2.4 1.9 * 
6 24.8 Butyrolactone 1.3 0.9 




 8 29.6 Phenol 2.35 2.37 * 
9 30.1 Phenol,2-methoxy 4.64 2.58 * 
10 33.4 Phenol,4-methyl 2.15 1.58 * 
11 34.6 Phenol,2-methoxy-4-
methyl 
2.08 1.14 * 
12 38.5 Phenol, 4-ethyl-2-
methoxy- 




 14 42.8 Dodecane,2,6,10-
trimethyl- 
1.37 1.12  
15 43.5 Phenol,2,6-
dimethoxy- 























































 17 46.6 Phenol, 2-methoxy-4-
(1-propenyl)- 
4.3 5.9 
 18 47.2 1,2,4-
Trimethoxybenzene 
2.3  
 19 50.0 5-tert-Butylpyrogallol 2.7 2.1 












* ... quantified within the 65 common pyrolysis oil compounds; SM ... solid matrix 
 
Pyrolysis oils from crude and de-oiled jatropha cake are shown in Figure A - 21. The 
molecules referring to the highlighted peaks are listed in Table A - 26. Although the 
presence of IsoparV® is disturbing, it is evident that pyrolysis oil compounds with 
lower retention times are more concentrated. Those are attributed to the solid matrix 
decomposition are higher concentrated in the oil from de-oiled cake. Fatty acids 
(peak 15 and 16) in contrast cover a higher area percentage in the pyrolysis oil from 
the crude cake. 
As experiments with shea chronologically were carried out after cashew pyrolysis 








 Figure A - 21: GC/MS chromatograms of flash pyrolysis oils from crude and de-
oiled Sc 
 
Table A - 26: Main peaks of flash pyrolysis oils from shea cake samples [area%] 
# RT [min] Name De-oiled Jc Crude Jc Formula 
1 8.5 Acetic acid 1.1 0.26 * 
2 12.7 3-Penten-2-one,4-methyl- 4.27 0.33 




 5 29.5 Phenol 9.14 1.68 * 
6 31.5 Phenol,2-methyl- 1.12 0.23 * 
7 33.38 Phenol,4-methyl- 3.39 0.37 * 
8 33.45 Phenol,3-methyl- 1.24 0.38 * 
9 37.3 Phenol,4-ethyl 1.59  
 10 41.1 Benzofuran, 2,3-dihydro- 1.33  
 11 43.2 Indole  2.4 
 12 43.6 1,2-Benzenediol 5.45  
 13 43.8 Hexadecane,2,6,10,14-
tetramethyl- 
 2.4 
14 64.0 n-Hexadecanoic acid 0.95 0.17 
15 69.5 Oleic Acid 2.44 2.64 






































Table A – 26 continued 
17 74.6 Phenol,3-pentadecyl- 1.5 0.5 



















Annexe 14: Effect of temperature of rheological behaviour 
of pyrolysis oils 
This Annexe presents rheograms for the different flash pyrolysis oils from rubber 








Figure A - 23: Rheograms of de-oiled (left) and crude (right) CNSc pyrolysis oil 































































































































Annexe 15: Effect of methanol addition 
This Annexe presents rheograms for the different flash pyrolysis oils from rubber 




Figure A - 26: Rheograms of rubber wood pyrolysis oil with different methanol 
concentrations at 25°C 
 
 
Figure A - 27: Rheograms of de-oiled (lefty) and crude (right) CNSc pyrolysis oil 





















































Figure A - 28: Rheograms of de-oiled (left) and organic phase of crude (right) 
Jc pyrolysis oil with different methanol concentrations at 25°C 
 
 
Figure A - 29: Rheograms of de-oiled (left) and crude (right) Sc pyrolysis oil 






























































Annexe 16: Formulation of pyrolysis oils with bio-fuels 
This Annexe presents the rheograms of the different flash pyrolysis oils (de-oiled and 
crude from cashew, jatropha and shea) after emulsification with vegetable oil, 
biodiesel and CNSL. 
 
 
Figure A - 30: Rheograms of rubber wood pyrolysis oil mixed with different 




Figure A - 31: Rheograms of rubber wood pyrolysis oil mixed with different 
amounts of biodiesel (left) and CNSL (right) and with different 
































































Figure A - 32: Rheograms of de-oiled (left) and crude CNSc pyrolysis oil mixed 




Figure A - 33: Rheograms of de-oiled Jc pyrolysis oil mixed with different 














































0%VO; 0%Disp. 0%VO; 5%Disp. 30%VO; 0%Disp. 30%VO; 5%Disp.






Figure A - 34: Rheograms of crude Jc pyrolysis oil mixed with different amounts 




Figure A - 35: Rheograms of de-oiled Sc pyrolysis oil mixed with different 
































Bibliographic references of Annexes 
1. Eisentraut, A., Sustainable Production of SECOND - Generation Biofuels: 
Potential and perspectives in major economies and developing countries, I.E. 
Agency, Editor. 2010. 
2. Duku, M.H., S. Gu, and E.B. Hagan, A comprehensive review of biomass 
resources and biofuels potential in Ghana. Renewable and Sustainable 
Energy Reviews, 2011. 15: p. 404-415. 
3. Gupta, R., The Economic Causes Of Crop Residue Burning in Western Indo-
Gangetic Plains. 
4. Jölli, D. and S. Giljum, Unused biomass extraction in agriculture, forestry and 
fishery, S.E.R.I. (SERI), Editor. 2005: Vienna. 
5. BISYPLAN web-based handbook.  2012  [cited; Available from: 
http://bisyplan.bioenarea.eu/html-files-en/Handbook-intro.html. 
6. Taux de conversion sous produits agricoles. 2009, Directions Générales des 
Prévisions et de Statistiques Agricoles (DGPSA): Ouagadougou/Burkina Faso. 
7. FAOSTAT.  2011  [cited 2012; Available from: 
http://faostat.fao.org/site/339/default.aspx. 
8. Biopact, Crop rsidues: how much biomass energy is out there? 2006. 
9. http://www.countrystat.org/home.aspx?c=bfa&tr=7.   [cited. 
10. Dossier: Le biocharbon - Quelles opportunités pour le Sénégale?, in VIE - Vert 
Information Environnementale. Mai - Juin 2009. 
11. Diancoumba, D., et al., Appui à la définition de stratégies de développement 
des filières agro-sylvo-pastorales et halieutiques sélectionnées dans les 
régions d’intervention du PADAB II « Goulots d’étranglement et actions pilotes 
» - Rapport filière Karité Région Est. Programme d'Appui au Développement 
de l'Agriculture du Burkina Faso, Phase II, 2009. 
12. Brittaine, R. and N. Lutaladio, Jatropha: A Smallholder Bioenergy Crop. Food 
and Agriculture Organization of the United Nations - Integrated Crop 
Management 2010. 8. 
13. http://faostat3.fao.org/home/index.html#SEARCH_DATA, september 2012. 
14. Constant, P., List of cashew processing plant in Burkina Faso. Programme 
Développement de l'Agriculture (PDA/GTZ) 2009/2010. 
15. Lautié, E., et al., Les produits de l’anacardier : caractéristiques, voies de 
valorisation et marchés. Fruits, 2001. 56: p. 235–248. 
16. Koopmans, A. and J. Koppejan, Agricultural and forest residues - generation, 
utilization and availability. Paper presented at the Regional Consultation on 
Modern Applications of Biomass Energy, 6-10 January 1997, Kuala Lumpur, 
Malaysia, 1997. 
17. Hebie, M., Programme Développement de l'Agriculture (PDA/GTZ). 2010: 
Ouagadougou. 
18. Rivier, M., et al., Le séchage des mangues. éditions Quae. 2009: CTA. 
19. Céréales et légumes secs de l’Afrique tropicale - Conclusions et 
recommandations basées sur PROTA 1: “Céréales et légumes secs”, in 
Ressources végétales de l’Afrique tropicale, C.H. Bosch and D.J. Borus, 
Editors. 2009, Fondation PROTA: Wageningen. 
20. Chopra, S., Etude pour l'identification des filières agroindustrielles prioritaires - 
Dans les Pays membres de l’UEMOA. 
21. Situation actuelle et perspective du secteur de l'emballage agro alimentaire -  





22. La Nature comme Modèle pour une intensification écologique de l'agriculture, 
Cirad - La recherche agronomique pour le développement: France. 
23. Borlaug, N.E., et al., Lost crops of Africa - Grains, ed. N.D. Veitmeyer. Vol. 
Volume I. 1996, Washington, D.C.: The international acadmies press. 
24. Kapseu, C., Production, analyse et applications des huiles végétales en 
Afrique. Conférence Chevreul, 2009. 16: p. 215-229. 
25. Kottin, H.T., La valorisation energetique des dechets combustibles industriels: 
cas des coques de graines de coton de la socièté des huileries du Benin, in 
Département de genie mecanique et energetique. 2003, Université d'Abomey-
Calavu. 
26. Monthubert, J.P., SNCitech. 2010, Directeur d’exploitation de la socièté 
SNCitech. 
27. Reynolds, N., Investing in Shea in West Africa A U.S. Investor’s Perspective 
Technical Report, in West Africa Trade Hub USAID, Editor. 2010: . 
28. homepage, B. http://www.burkarina.com/beurre_karite_Unite_de_production-
4-12.html.  06/2011  [cited. 
29. Rungundu, A., Gestion de l'energie dans l'entreprise Burkarina. 2009, Institut 
International d'Ingénierie de l'Eau et de l'Environnement: Ouagadougou. 
30. Atuahene, C.C., A. Donkoh, and F. Asante, Value of sheanut cake as a dietary 
ingredient for broiler chickens. Animal Feed Science and Technology, 1998. 
72(1-2): p. 133-142. 
31. H.K. Dei, S.P. Rose, and A.M. Mackenzie, Shea nut (Vitellaria paradoxa) meal 
as a feed ingredient for poultry. World's Poultry Science Journal, 2007. 63: p. 
611-624  
32. H. K. Dei, et al., Metabolizable Energy in Different Shea Nut (Vitellaria 
paradoxa) Meal Samples for Broiler Chickens. Poultry Science, 2008. 87: p. 
694–699. 
33. http://www.trc.zootechnie.fr/node/51, Animal Feed Resources Information 
System. contacted, march 2012. 
34. Behera, S.K., et al., Evaluation of plant performance of Jatropha curcas L. 
under different agro-practices for optimizing biomass – A case study. Biomass 
and Bioenergy, 2010. 34: p. 30-41. 
35. Liang, Y., et al., Fermentable sugar release from Jatropha seed cakes 
following lime pretreatment and enzymatic hydrolysis. Bioresource 
Technology, 2010. 101: p. 6417–6424. 
36. Gübitz, G.M., M. Mittelbach, and M. Trabi, Exploitation of the tropical oil seed 
plant Jatropha curcas L. Bioresource Technology, 1998. 67: p. 73-82. 
37. Chandra, R., et al., Production of methane from anaerobic digestion of 
jatropha and pongamia oil cakes. Applied Energy, 2012. 93: p. 148–159. 
38. Mensah, S.A., Jatropha Oil Production as Biofuel for Shea Butter Processing 
Machine in Ghana: Quality Characteristics and Storability of the Derived Shea 
Butter, in Fakultät für Umweltwissenschaften und Verfahrenstechnik. 2010, 
Brandenburgischen Technischen Universität Cottbus: Cottbus. 
39. Openshaw, K., A review of Jatropha curcas: an oil plant of unfulfilled promise. 
Biomass and Bioenergy, 2000. 19: p. 1-15. 
40. Miglianico, M., Valorisation du tourteau de Jatropha curcas en engrais et 
combustible. Rapport de stage, 2010. 
41. Chandra, R., V.K. Vijay, and P.M.V. Subbarao, Biogas production from de-





42. Bhattacharjee, S., Byproducts of Biodiesel Manufacture in Preparing reports 
on themes related to technical and scientific aspects of biodiesel utilization, 
G.o. India, Editor. 2012, Winrock International India: New Dheli. 
43. Bila, N.K., et al., Analysis of the Cashew Value Chain in Burkina Faso, A.C. 
Initiative, Editor. 2010. 
44. Das, P. and A. Ganesh, Bio-oil from pyrolysis of cashew nut shell--a near fuel. 
Biomass and Bioenergy, 2003. 25(1): p. 113-117. 
45. H.P. Bhunia, et al., Synthesis and characterization of polymers from cashew 
nut shell liquid (CNSL), a renewable resource II. Synthesis of polyurethanes. 
European Polymer Journal, 1999. 35: p. 1381-1391. 
46. Papadopoulou, E. and K. Chrissafis, Thermal study of phenol–formaldehyde 
resin modified with cashew nut shell liquid. Thermochimica Acta, 2011. 512: p. 
105-109. 
47. http://www.business-standard.com/india/news/cashew-nut-shell-liquid-prices-
double/328937/, contacted May 2012. 
48. Mohod, A.G., Y.P. Khandetod, and A.G. Powar, Processed cashew shell 
waste as fuel supplement for heat generation. Energy for Sustainable 
Development, 2008. 12(4): p. 73-76. 
49. Borlaug, N.E., et al., Lost Crops of Africa - Vegetables, ed. M. Dafforn and 
N.D. Vietmeyer. Vol. Volume II. 2006, Washington, D.C.: THE NATIONAL 
ACADEMIES PRESS. 
50. Lancon, F., I. Drabo, and M.-H. Dabat, Appui à la définition de stratégies de 
développement des filières agro-sylvo-pastorales et halieutiques 
sélectionnées dans les régions d’intervention du PADAB II "Goulots 
d’étranglement et actions pilotes". Programme d'Appui au Développement de 
l'Agriculture du Burkina Faso, Cirad, 2009. 
51. Dafrallah, T., et al., Bioenergy for Rural Development in West Africa The case 
of Ghana, Mali and Senegal, E. ENDA Energy, Development, Editor. 2010. 
52. Bila, N.K., et al., Analyse de la chaîne de valeur du secteur anacarde au 
Burkina Faso Initiative du Cajou Africain (iCA), D.G.f.T.Z.G. (GTZ), Editor. 
2010. 
53. Soglo, A. and E. Assogba, Etude sur la compétitivité de la filière anacarde du 
Bénin, M.d. Commerce, Editor. 2009. 
54. Thiombiano, S.T., Adaptation de l'outil ex-act et evaluation de l'eimpreinte 
carbone de la filière anacarde au Burkina Faso, in Laboratory of Biomass, 
Energy and Biofuels. 2010, 2IE: Ouagadougou. 
55. Lamport, J. As cashew apples fall, nut processing capacity rises across West 
Africa.  20012  [cited; Available from: 
http://www.watradehub.com/activities/tradewinds/feb12/cashew-apples-fall-
nut-processing-capacity-rises-across-west-africa. 
56. CONSTANT, P., List of cashew processing plant in Burkina Faso – 
2009/2010. 2010. 
57. A.G. Mohod, Y.P.K., and A.G. Powar, Processed cashew shell  waste as fuel 
supplement for heat generation. 2008(Energy for Sustainable Development). 
58. Pal, s., Regional Cashew Processing Expert.ACI. 2011. 
59. Osei-Akoto, S., A Value Chain Analysis of the Cashew Sector in Ghana - 
African Cashew initiative, D.G.f.I.Z.G. GmbH, Editor. 2010. 
60. Kone, M., Analysis of the Cashew Sector Value Chain in Côte d’Ivoire African 





61. Alliance, A.A.C., Cashew Industry Agrees on Guidelines for Growing Business 
in Africa. www.africancashewalliance.com, 2010. 12. 
62. Mahoutin, T.A., Analysis of the Benin cashew sector value chain. 2010. p. 4,9. 
63. Edorh, M., Cajou Espoir Ltd - Togolese Cashew Processor. African Cashew 
Alliance 7th Annual Conference; Cotonou, Benin, 2012. 
64.  2012  [cited; Available from: http://www.mimcashew.com/Products.1.aspx. 
65.   [cited 2013; Available from: http://sitacashew.com/?page_id=18. 
66. Amadou, S.N., Capitalisation de l'experience sahalienne en matire de 
biocarburant Cas de Niger. 2007. 
67. RUNGUNDU, A. GESTION DE L’ENERGIE DANS L’ENTREPRISE 
BURKARINA.  2009  [cited. 
68. Martine François  , N.N., Zacharie Badini,  Mamadou Diarra, Le marché du 
karité, entre économie de subsistance et capitalisme mondialisé. 2007/2009. 
69. Lamport, J. L’industrie compétitive du karité continue à se développer 2009  
[cited; Available from: http://www.watradehub.com/fr/node/779. 
70. Addaquay, J., The Shea Butter value chain - refining in West Africa - Wath 
Technical Report No. 3. 2004, West African Trade Hub. 
71. Global Market Study on Jatropha - Final Report, GEXSI, Editor. 2008: 
London/Berlin. 
72. Henning, R.K., The Jatropha System - An integrated approach of rural 
development. 2009, Weissensberg. 
73. College, D.R.A.D.-C.I., Mapping Food and Bioenergy In Africa. 2010. 
74. Jan de Jongh, e.a., Jatropha oil quality related to use in diesel engines and 
refining methods. 2007. p. 6. 
75. Laude, J.-P., Situation de la filière Jatropha au Burkina Faso: Perspectives 
pour le court terme. 
76. Desouza, C. Afrique - Jatropha: une culture importante, mais pas une culture 




77. A l'heure des biocarburants, la Côte d'Ivoire se lance dans le jatropha.  2008 
june27,2008 [cited 2013; Available from: 
http://www.7sur7.be/7s7/fr/1505/Monde/article/detail/328899/2008/06/27/A-l-
heure-des-biocarburants-la-Cote-d-Ivoire-se-lance-dans-le-jatropha.dhtml. 
78. Diop, D., Evaluation du potentiel de développement des bioénergies au Togo - 
Rapport Final. 2011, REPUBLIQUE TOGOLAISE MINISTERE DES MINES 
ET DE L’ENERGIE. 
79. Tigré, L.N. Larlé Naaba Tigré, promoteur de Belwet biocarburant S.A. : « Il n’y 
a pas de compétition entre le jatropha et les cultures vivrières ».  2010  [cited 
2013 23.01.]; Available from: http://www.lefaso.net/spip.php?article39177. 
80. Toure, S.M. Inauguration: usine de biocarburant a Koulikoro.  2008  [cited 




81. Noumoye, W.F., Possibilité d'utilisation de l'huile de Jatropha dans les 





82. Bazongo, G. and D. Ouedraogo, Etude de faisabilité relative à la production 
de bio energie - rapport provisoire. 2010, MINISTERE DES MINES, DES 
CARRIERES ET DE L’ENERGIE du Burkina Faso: Ouagadougou. 
83. Baha, M. «Jatropha en Côte d'Ivoire: Mythe, réalités et possibilités  
d'investissements.». Bio Pétrole renouvelable Afrique (BPR Afrique)  2009  
[cited 2011 4/10/2011]; Available from: http://bpr-afrique.com/blog-
jatropha/blog1.php. 
84. Touré, M. Côte d'Ivoire: Biocarburants - 10 000 ha de Jatropha sortent de 
terre au centre.  2008 June18, 2008 [cited 2013 23/01]; Available from: 
http://www.commercialpressuresonland.org/press/c%C3%B4te-divoire-
biocarburants-10-000-ha-de-jatropha-sortent-de-terre-au-centre. 
85. Pallière, G. and S. Fauveaud, Les enjeux des agrocarburants pour le monde 
paysan au Mali. 2009. 
86. International bio-diesel companies, Greenleaf Global, closed down following 




87. Seeking investment for Jatropha Biofuel.   [cited 2013 23/01]; Available from: 
http://www.venturegiant.com/proposal-2726-seeking-investment-for-jatropha-
biofuel.aspx. 
88. Martin Kaltschmitt, Hans Hartmann, and H. Hofbauer, Energie aus Biomasse - 
Grundlagen, Techniken und Verfahren, ed. n.b.u.e. Auflage. 2009, Heidelberg 
Dordrecht London NewYork: Springer. 
89. Boukis, I.P., et al., CFB air-blown flash pyrolysis. Part I: Engineering design 
and cold model performance. Fuel, 2007. 86(10-11): p. 1372-1386. 
90. Meier, D. and O. Faix, State of the art of applied fast pyrolysis of 
lignocellulosic materials -- a review. Bioresource Technology, 1999. 68(1): p. 
71-77. 
91. Krzack, S. and D. Reichel, Energie aus Biomasse Lecture notes - Technische 
Universität Bergakademie Freiberg, 2009. 
92. Sadaka; Samy, B.A.A., Pyrolysis and Bio-Oil. University of Arkansas, United 
States Department of Agriculture. 
93. Bridgwater, A.V. and G.V.C. Peacocke, Fast pyrolysis processes for biomass. 
Renewable and Sustainable Energy Reviews, 2000. 4(1): p. 1-73. 
94. http://dictionary.reference.com/browse/quench, contacted September 2012. 
95. Parikh, J., S.A. Channiwala, and G.K. Ghosal, A correlation for calculating 
HHV from proximate analysis of solid fuels. Fuel, 2005. 84: p. 487–494. 
96. Channiwala, S.A. and P.P. Parikh, A unified correlation for estimating HHV of 
solid, liquid and gaseous fuels. Fuel, 2002. 81: p. 1051-1063. 
97. Yin, C.-Y., Prediction of higher heating values of biomass from proximate and 
ultimate analyses. Fuel, 2011. 90: p. 1128–1132. 
98. Garcia-Perez, M., et al., Characterization of bio-oils in chemical families. 
Biomass and Bioenergy, 2007. 31(4): p. 222-242. 
99. Ortega, J.V., et al., Physical and chemical characteristics of aging pyrolysis 
oils produced from hardwood and softwood feedstocks. Journal of Analytical 
and Applied Pyrolysis, 2011. 91: p. 190-198. 
100. Gräbner, M. and W. Heschel, Fluid-Feststoff-Systeme. Lecture notes - 





101. Antonini, G., Lits fluidisés - Caractéristiques générales et applications. p. BE 8 
255 – 1 -22. 
102. Kaviany, M., Chapter 9 - Heat tansfer in porous media: Michigan. 
103. Charpentier, J.-C., Éléments de mécanique des fluides - Application aux 
milieux poreux. p. J 1 065 - 1 - 12. 
104. VDI -Wärmeatlas. 2002. 
105. Klaubert, H. and D. Meier, Untersuchungen zur Wirbelschichtpyrolyse von 
Holzpartikeln, B.f.F.-u. Holzwirtschaft, Editor. 2002, Institut für Holzchemie und 
chemische Technologie des Holzes: Hamburg. 
106. Bi, H.T., et al., A state-of-the-art review of gas-solid turbulent fluidization. 
Chemical Engineering Science, 2000. 55: p. 4789-4825. 
107. G.Q.Yang, B. Du, and L.S. Fan, Bubble formation and dynamics in gas–liquid–
solid fluidization—A review. Chemical Engineering Science, 2007. 62: p. 2 – 
27. 
108. Jendoubi, N., Mécanismes de transfert des inorganiques dans les procédés 
de pyrolyse rapide de la biomasse. Impacts de la variabilité des ressources 
lignocellulosiques sur la qualité des bio-huiles., in Génie des Procédés et des 
Produits. 2011, Institut National Polytechnique de Lorraine: Nancy. 
109. Pütün, A.E., E. Apaydin, and E. Pütün, Bio-oil production from pyrolysis and 
steam pyrolysis of soybean-cake: product yields and composition. Energy, 
2002. 27(7): p. 703-713. 
110. Uzun, B.B., A.E. Pütün, and E. Pütün, Fast pyrolysis of soybean cake: Product 
yields and compositions. Bioresource Technology, 2006: p. 569-576. 
111. Yongdong, Z., et al., Rubberwood Processing Manual “Demonstration of 
Rubberwood Processing Technology and Promotion of Sustainable 
Development in China and Other Asian Countries”. 2007, Research Institute of 
Wood Industry: Beijing. 
112. Bryden, K.M. and M.J. Hagge, Modeling the combined impact of moisture and 
char shrinkage on the pyrolysis of a biomass particle[small star, filled]. Fuel, 
2003. 82(13): p. 1633-1644. 
113. Papadikis, K., S. Gu, and A.V. Bridgwater, CFD modelling of the fast pyrolysis 
of biomass in fluidised bed reactors: Modelling the impact of biomass 
shrinkage. Chemical Engineering Journal, 2009. 149: p. 417–427. 
 
 
